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Foreword

The question of the utilization of wind energy in thilis coun-
try has{fornsome time been the subject of different investigations
and considerations. Already towards the end of the 19th century,
Poul la Cour began his systematic investigations into the possi-
bility of the use of wind energy for the production of electricity
by means of an experimental wind motor at Askow. Later, in-
vestigations and constructions of wind motors were carried out
by, among others, the firm of Lykkegaard in Ferritslev under
the guidance of Dr. Vinding and, during the Second World War,
by F.L. Smidth & Co., whose largest wind motors had a sailspan of
24 m and were mounted on 24 m high towers. Besides these,
several other firms constructed smaller wind motors durlng that
war.

Most of the wind motors made up to now for electrical power
generation (EPG) were' made for the generation of direct current
to be suppliéd to the smaller centers for the production of DC
electricity, of which there were qulte a few in this country;
however, none of these smaller centers were able to utilize the
full potential from the wind motors. These plants were a very
useful supplement to the dilesel generators normally used for EPG.
during the two World Wars, when 1t was difficult to get other
fuels. The wind motors were usually designed for the greatest
possible effect at the lowest possible wind velocity (3~-4 m/sec)
and care was taken to limit the maximum effect at the high wind
velocities (greater than 10-12 m/sec), so that oneaattained as
constant an effect as possible, which was the most sensihle for
the small DC generating plants. Thus, the largest type of wind
motor had only a 70 kW generator.

In 1947, J. Juul, Chief Engineer at SEAS, suggested the use
of wind energy for theuproduction of alternating current to be
coupled to the already existing AC network, where the wind motors
were to be bullt such that they gave the largest possible kW
production in the course of the year; in addition, one should try
to attain the simplest possible construction. He Sfurther suggested
‘the' » use - of asynchronous generators and propeller blades designed
for practically constant rpm indepéndent of wind veloelty, in
contrast to the earller constructions, where,oin order to attain
the largest possible effect at the 1ow ve1001tles, one let the
wind motors work with saill £ip velocities in a given ratio to the
wind velocity. As a result of this, SEAS started stations in
various parts of Denmark, so that they could find out how much
and at what hours of the day - wind energy was availible. In
addition, a temporary wind tunnel was constructed where roughly
30 different wing constructions and wing profiles were tested.

On the basls of thesesexperiments, ins%950 SEAS buillt the
Vester Egesborg M1ill on Sjaelland Island (Fig. 1).
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It turned out that fhere also was 1nterest in SEAS's investi-
gation outside of this organization; therefore, in 1950 the
Danske Elvaerkers Forening [Danish Electricity Producers?®
Organization] (DEF) formed a wind energy committee consisting of
representatives from the producing electricity plants which had
been using wind motors and representatives of manufacturers of
wind motors. Also,to investigate the possibllity of using the
construction of wind motor plants for the alleviation of the
unemployment situation, the Labor and Public Welfare Ministry
Wwas represented. After meetings With the Ministry of Forelgn
Affaitrs, it was decided that this commlttee should establish con-
tact with other corresponding organizations abroad and possibly
with International organilzations.

The commitftee consisted of the following members:

S.M. Buhl, Director, Civil Engineer, SEAS (Chatfman)

W. Hanning, Director, Civil Englneerg, Frederikshavn City
Engineer

J. Juul, Chief Engineer, SEAS

H. Lykkegaard, Manifacturer, Ferritslev

B. Vester, Civil Engineer, E.L. Smidth & Co. A/S

H. Raun, Clvil Englineer, Labor & Public Welfare Ministry

with P. Poulsen-Hansen, Technical Sec¢retary, DEF, as secretary.

On the basls of what was known at that point, the committee
was supposed to continue the work of investigating what possi-
bilities there were for the utilization of wind energy for the
production of AC electrileity, in accordance with the principle
enunciated by Mr. Juul. Thus, the committee wWasnfirst supposed
to seek To clarify what it would cost to produce electricity by
wind-driven power plants and,simultaneously,to arrive at the most
comprehensive type and construction of wind motors. It was con-
sidered desirable to have a wind motor of this type built on a
commercial scale.

The experimental mill in Vester Egesborg was made avallable
to théscommittee.

Since the results obtained from the small experimental mill
seemed to be favorable, 1t was thought to be interesting to test
the princlples on a larger experimental mill.

Since, in 1952, SEAS had taken over a wind motor for DC produc-
tion that was built by F.L., Smidth and located in Bogé,SEAS had
the mill changed to AC production prior to the committee's efforts
to build a wind motor of the size that would be considered proper,
namely, with a maximum effect of roughly 200 kW. The Bogd mill
had a tower which was 22 m high and was originally fitted with a
30 kW DC generator. Since the machinery was not built to supply
an output greater than 45 kW, 1t was fitted with a three-bladed
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propeller which could produce this effect at a wind velocity of
about 15 m/sec. With the chosen sail profile, this correspondéd
to a propeller diameter of 13 m (Fig. 2).

Since the experiments with this size wind motor confirmed
the results obtained at the Vester Egesborg mill, it was believed
that the point had been reached, where g wind motor of the largest
size that would be reasonable under the circumstances could be
built. In order not to deviate too far from the familiar con-
structions, i1t was decided to have a wind motor with a 24 m
propeller diameter mounted on a 24 m tower and equipped with an
asynchronous AC generator of about 200 kW capacity.

Since such advanced experimentation could possibly be of
public interest, ohuMay«d, 1952, the committee -~ with DEF's
concurrence ~— applied to the Ministry of Public Works for a
grant of 300,000 kr. of the Marshall counterpart funds which
had been made available for technical and scientific research.
The grant was made on May 10, 1954, and the funds were deslgnated
for support of experiments related to the utilizationtlfw1ndpower
for the production of electricity.

Relating to this grant, the Academy for the Technical Sciences
was requested to be represented on this committee. The Academy
for the Technlcal Sciences (ATV) appointed Professor A. Meldahl,
a graduate engineer, Rroféssor B.J. Rambdll, Ph.D. and Ernst von
Kauffman, a Director.

In order to concentrate on the construction of the model
experimental mill, a working committee was formed, consisting of
Messrs. S.M. Buhl, J. Juul, A. Meldahl, B.J. Rambgll and B. Vester.

During the compreheénsive project and calculation work, the
committee had contact with, among others, English investigations,
and thus acquired knowledge of different projects involving higher
and larger wind motors, which 1nvolved several more propellers
installed on the same tower.

Among the material received from abroad, there was some which
related to the difference of wind velocities and to its measurement
at varlous heights above the ground surfaces, but it was found
that it was better to make an investigation of these velocities,
and thus the energy distribution at various heights, under condi-
tions corresponding to the situstlon in Denmark. Thus, investiga-
tions were begun on wind velocities at 25 and 50 m above ground
level, and these investigations were further expanded in collabora-
tion with the wind laboratory, three stations being established
for that purpose.

The results of these lnvestigations would not be available for
some time, so the committee therefore agreed to enlarge the project

iv



based on the utilization of propeller blades located about 25 m
above ground level,

On the basis of experlence gained thus far, it was thought
that the three-bladed propeller would give the. most stable con-
sStruction and the smoothest performance, and we declded on fixed
propeller blades with movable flaps at thesail +tips. This
braking arrangement should work as a safety bnrake, since the wind
motor's characteristics with an immovable : blade and constant
rpm would be such that the effect would increase with wind velo-
¢ity up to a maximum value, and thereafter remain practically
unchanged. The maximum output-of 200 kW was chosen, and the ¢
peripheral propeller velocity of 38 m/sec corresponded to the
attainment of 200 kW at a wind velocity of 15 m/sec.

With regard to the construction of towers for these mills,
it was iInvestigated whether one should prefer steel construction
over reinforced concrete construction. It was found that the
reinforced concrete constructlon was the mone advantageous. From
the viewpolint of labor utilization, the reinforced concrete tower
would also have an advantage, since it could be built by less
skilled labor. The basls for fixing the dimensions of the pro-
pellers and the other parts of the wind motor was the experience
gained from the Vester Egesborg and Bog@g mills, which included
the effect. one could expect under pulsating wind conditions.

In order to verify the calculations involved here, it was
declded to determine both the bendlng, as well as the forslonal
effects, between the tower and the windmill proper.

The collaboration with the wind laboratory, just mentioned,
was initliated in 1955. The wind laboratory {through Dr. Martin
Jensen) took care of the instrumentation of thesewwind-measuring
stationsg so that it was possible to measure the maximum wind
velocities and the distribution of wind energies at the various
wind velocities.

It was declded to build wind measuring stations at Gedser,
Tune and Torsminde.

These stations were established in 1957. At all three sta-
tions, the measuring equipment was fixed on steel masts 25 m
above ground level, and, in addition, a%50 m steel mast was
installed at Gedser, in order to compare measurements at two
elevations.

In 1956, a bullding lot was made avallable about 3 km nokth
of Gedser, and the erection of a large experimental mill was
begun. Constructlion was completed in the summer of 1957 and,a
after proper trialsyudt was put inte regular service by the
Minister of Public Works, Mr. Kaj Lindberg on July 26, 1954.

>



As already mentioned, in 1954 the Minister of Public Works
had given a grant of 300,000 kr. for this committee's activities,
Inflation and the acquisition of mere scophisticated equipment
for the scientific measurements caused the cost of the plant to
exceed the grant. DEF therefore applied to the Ministry of Public
Works for an additional grant of 225,000 kr. This grant was
received in 1957.

The Chairman of the Wind PowertiCommittee, Mr. S.M. Buhl,
worked very actlively on this committee until his death on
August 21, 1958. The Secretary of the Committee, Mr. P. Poulsen-
Hansen, then took over as Chalrman, and, representing SEAS,
H. Billeschou, a civil engineer, became a member of the committee.
Mr. E. Volmer Nielsen.of DEF then became the committee secrétary.

An invitation from the United Nations reguest the Minister
of Publlc Works to contribute to the UN Conference on New Sources
of Energy, which was to be held in Rome on August 21-31, 1961.

On the basis of the experimental results obtalned, the following
reports were made avidiiiable for this conference:

"Wind measurements," by Dr. Martin Jensen;

"Construction of wind power plants in Denmark," by J. Juul,
former Chief Engineer;

"Investigations at the Gedser mill," by V. Askegaard, Civil
Engineer; and

"Recent developmentsaand potential advances in the use of
wind power for the production of electricity in Denmark," by
J. Juul, former Chief Engineer.

These reports form the basils for what fcllows. The Chalrman
of our Committee, Mr. P. Poulsen-Hansenwy took part in the UN
Conference as the official representative of the Danish Government
and furthermore chaired the meeting which discussed the most
recent developments and potentlal advances with regard to the
utilization of wind power.

Mr. J. Juul took part in the conference after a speclal in-
vitation by the UN and helped in thewflérmulation of the official
report of the Wind Power Committee. Besldes that, he wrote a
personal report entitled "Economies and operation of wind power
plants.™

There 1s at this moment voluminous material availlable for
the evaluation of the production of electricity from a plant such
as that located at Gedser. The wind measuring data from thene
have been thoroughly research to show what production of electri-
clty can be expected at other places in Denmark; also, it has been
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shown howimuch -more- ocutput _can be obtained at 50 m elevations
as compared with 25 m elevations. Apart from minor difficulties
atrthe &tart, the experimental mill at Gedser has worked satis-
factorily so that it .by and large can serve as a prototype for
a more commercially produced mill, in case an interest for that
should develop.

The committee has therefore concluded that there 1s now sufi-
Ficient basis for a final report. The flgures given in the final
report are based on a yearly kWh production of 400,000 kWh and
a plant cost of 270,000 kr.

As reported later, we have found that at Gedser it was possi..
sible to attain a 21% greater effect (per m? wind area) at a
helght of 50 m than at 25 m, but the committee has concluded that
the extra cost Invelved in having the wind motor with a 24 m wing
diameter in a 50 m high tower would be such that it would be
uneconomical.

As already menticoned, DEF had been given grants from the
Ministry of Public Works amounting to a total of 525,000 kr. for
this committee's work. Since there grants were used during the
year 1960-1961, DEF covered the extra expense of 27,279.76 kr.
so that the commlttee could finish its work. In addition, DEF
has given cost-free use of 1lts office space and secretarial help.

The financlal status of the Wind Power Committe as of
March 31, 1962 1s as follows:

Expenses

Gedser mill (see Encidsure 1.2 and 2.3) 378,888w81 kr.
Wind measuring stations (see Enclosure

3:7) 150,547.68 kr.
Traveling and representation expenses 9,176.05 kr
Miscellaneous 13,667.22 kr.

552,279.76 kr.

Tncome
Grants from Ministry of Public Works 525,000.00 kr.
Grants for DEF . 27.,279.76 kr.

552,279,76 kr.
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REPORT OF THE WIND POWER COMMITTEE

Danské Elvaerkers Forening

1. Gedser Mill - /B¥

1.1. Construction (see Appendix 1.1)

Data from the Gedser mill are as follows:

Number of salls: 3
Sail spandiameter: 24 m
Sail span area: U450 m?
Sail tip veloeity: 38 m/sec
) rpm of wings: 30 rpm
i, 200 kW generator, asynchronous with eight poles, 750 rpm
Generator slip at full operation: 1%
O TR I B B .
The mill is self-starting at a wind speed of 5 m/sec and
produces 200 kW at 15 m/sec at 5%C alr temperature.

The transmission between the wind rotor shaft and generator
1s handled by a double-chain system that has a transmission ratio
of 1:25.

The reinforced concrete tower 1s 23 m high.

The salls, the electric installation, the transformer sta-
tion and its coupling to the electrical network were done by SEAS.
The machine elements and their assembly in thelr housing were done
by Aarhus Machine Factory. The tower was planned and dimensioned
by Dr. B. Hgjlund Rasmussen and was built by Larsen & Nielsen,
general contractors, Copenhagen.

The generator produces 3 x 180 V AC, which is transformeéd to
higher voltage and delivered to fthe SEAS 10 kV circuit.

The mill works automatically, and its variocus actions are
guided by electric and hydraulic systems. The automatiec system
thus regulates the starting and stopping of the milly its posi-
tioning, and the coupling and uncoupling of the generator to the
network dependent on wind speed and the millts starting and
stopping. Furthermore, a number of safety measures have been
devised to automatically stop the mlll should any irregularities
ocecur.

¥ Numbers in the margin indicate pagination in the forelgn text.



The construction of the mill met our expectations. Certain /9
minor changes were made after the mill had been put into Pegular
use, but, apart from that, the mill has performed very
satisfactorily.

1.2,  Construction Costs (seé'Appendix 1.2)

An amount of 320,692.75 kr. was used for the construction
of the Gedser mi1ll (with the cost of the measuring cylinder
e xc¢luded). These funds were drawn from the 525,000 kr. grant
from the Ministry of Public Works.

143. Results of Performance (see Appendix 1,3)

The Gedser mill has been functlonlng regularly since June
1959 at all prevailing wind velocitiles.

From November 1959 to October 1960, the Gedser mill has pro-
duced a total of 356,920 kWh. For the caléndar year 1960, 1t was
353,600 kWh,and in 1961 1t was 339,020 kWh.

In comparing these values wilth the previously calculated
annual production of 400,000 kWh, it is necessary to take : into
consideration that the mill was out of operation for 3 weeks
in July 1960 because of repairs, and out of operation for 3 weeks
in September 1961, for the same reason. Furthermore, the meteo-
rological coriditions during 1960 were considered abnormal,
and therefore might have contributed to a somewhat lower produc-
tion of electriclty for that year.

Comparisons were made " between the Gedser mill and the
SEAS experimental mill at Bog#g as to performance for 1 year.
The sailspan area of the Gedser mill is 3.4 times larger than
that at Bogd and should therefore have gilven a correspondingly
greater production. Thé actual production ratio proved to be
5.1, which wasppridmarily due to the fact that the wind condiltions
at the Gedser mill were more favorable than those at the Bogd mill.

These facts seem o emphaslize how important it is to find
favorable locations for wind power plants.

A comparison of production per m2 of sailspan area from the
AC mills at Gedser and Bogg with earlier DC mills at the same
two locations shows that it is possible to utilize from 3.4 to
5.4 times as much energy per unit area when these plants are
coupled to large AC networks, rather than to local DC circults,
since the DC plants are not able to utillze the windmill-produced
energy all the time,



184, Financlal Assessment (see Appendix 1.4)

In 1958 an arrangement was made with SEAS that concerned
management and malntenace of the Gedser mill and the wind-
measuring stations.

Accordingly, SEAS assumed the daily management and maintexa ~ /10
nance of the plant in return for whlch SEAS was to recélve the
plant's production, the value of which would be calculated from
the current general price per kWh.

The financial statements for 1959, 1960, and 1961 show a
profit of 2915.07 kr..and a loss of 22318 kr.and 2137.12 kr,
regpectively.

In evaluating these figures, 1t is necessary to consider that
an experimental plant,wwhen compared with a commerecial plant,
demands more frequent 1lnspection, specialized measurements, etec.

The operation of the Gedser mill can therefore be assumed to

be sllghtly more costly than would a corresponding commerically
devised operation.

1.5. Operational Experience

As mentloned above, the Gedser mlll was constructed,on the
whole ,on the basils of the experience that SEAS had gained from
its experimental mills. Thenperformance of the Gedser mill
demonstrated that the design selecfed was correct for a plant of
this size.

In the fellowing, theacperational experiences which could be
of some significance for the future bullding of wind power plants
will be menticned.

The English research organization -- Electrical Research
Assoce. —- has penflormed several dlverse measurements and in-
vestigatlions at the Gedser mill. Straln gauge measurements on
the saills and recording of the produced effect were some of these
measurements.

As a result of this, 1t was found that the effect of the miil
in terms of kW showed regular variatlons, even during constant
wind velocitiesuy-* . .. '

This phenomenon was further lnvestigated at various wind
velocities up to 10 m/sec.

Dr. B. Hgjlund-Rasmussen and Mr. J. Juul reported on this
matter (Appendlix 1.5.1), and it could be confirmed that the
(3i3ed



above-mentioned rhythmic varlations (pulsations) would not ad~
versely influence the mechanical system, even with wind speeds
exceeding 10 m/sec. The mill was therefore put into regular use
without the above-mentioned Timitations of speeds over 10 m/sec,
and no difficulties have occurred relative to these pulsations.

The committee conducted a serles of measurements In October -~ /11
1961 with the purpose of finding the reason for the pulsatlons
observed 1n the effect produced by the generator,

The measurements wéré performed on the Gedser mill by means
of a recording ammeter which recorded the current generated by
each reveliution of the mill wings,

The measurements were conducted at a wind veleocity of from
9 to 17 m/sec. The windmill was turned during these measurements
so that the pulsations could be measured when the mill stood
in proper position wilth respect to wind direction and when the
mill was turned 10° to the right or left of this direction.

A counting of these pulses (Appendix 1.5.2) shows that they
appear with a frequency of 1.55 sec, ilndepéndently of the mill's
position with respect te the wind dlrection.

The committee therefore thinks it probable that these pulsa-
tions are due to vibrations associated with the structure of the
mill and that these pulsations are actuated by aerodynamic
influences. _

To minimize the results of these pulsations in future con-
structions, one might consider a generator designed with a greater
s1lip.

Several other valuable experiences were discovered 1n the
following field, which are expanded on in Enclosure 1.5.3, ' such
as: .

reinforeing wires between the sails;
sgil braking clamps

housing fior the mill machinery
lubrication system

electrical installation

technical supervision.

2. Measurements of the Overall Effects of Wind on the Gedser Mill")iz
=<

The measuring cylinder referred to earlier, which is placed
between the tower and the mill housing, has the following. dimen-
sions: diameter 1400 mm, height 450 mm, thickness of material
3 mm.



The cylinder has been welded at its circular end to two plain
flanges, of which the lower is fastened to the mill tower with
bolts, and the upper one supports the turning mechanlsm that turns
the mill housing. Around the measuring cylinder is 1nstalled a
supporting cylinder, which can be made rigld by means of a seriles
of conical bolts and thus. takes the strain off the measuring
cylinder when measuring tests are not being performed.

The dynamic forces that act on the mill are absorbed by the
measuring cylinder. By applying 2 sulgable number of resistance
wire strain gauges to the measuring cylinder‘'susurface, it 1s
possible to measure the static, as well as the dynamic, influences
and to have them electrically recorded.

Before the measuring cylinder was mounted on themill, it was
calibrated at the Denmark Technical University's laboratory for
building techniques (see:sAppendix 2.1). . After the measuring
cylinder had been installed at the mill, 1t was rechecked to
prove that the characteristlices of the measuring cylinder had not
changed as a result of its installation (see Enclosure 2.2)..

Measurements were made at wind velocities of 10-27 m/sec.
The measurements were recorded during short periods of time
{around 5 sec), during which time intervals the wind velocity was
assumed to be almost constant.

The measurements have shown that this mill design is not sub-
Ject to unantlcipated forces. There was found to be a large
margin of safety for axial forces. Certaln values for torsional
action have been measured, which at relatively low wind velocitles
were close to the maXidmum stresses which had been predicted in
the original design. These values have however not be exceeded
when measured at higher wind velocities.

It should be noted that these measurements encompass rela-
tively fewwvalues; in addition, measurements have been undertaken
at only three different wind directions. It is of course possible /13
to attaln more reliable measurement results by taking measure- T
ments at even more different wind velocitles and different wind
directions.

The committee has nevertheless concluded that 1t is perfectly
safe to render a final report on the basis of thejififormation
gathered "and, 1f later on there should be an interest in supple-
mentary measurements, such measurements can be done by means of
the measurling c¢ylinder at the Gedser mill.



2.3. Cost of Construction and Installation of the Measuring
- Cylinder (see  Enclosuré 2.3)

The total expenses Involved in the design, installatlion and
use of the measuring cylinder have been 58,196.06 kr. Of this,
the actual measurements have cost 30,660.10 kr,

3. _Wind Measurements (See Enclosure 3.1-3.6) /14

The wind measurements mentioned here have. been made from
three stations, of which, as mentioned earlier, one is placed
close to the experimental mill at Gedser, one at Torsminde on
the west coast of Jutland, and one at Tune, which is located in
the trilangle of Copenhagen-Roskilde-Kdge in a relatively flat
terrain. At all three stations, the measuring apparatuses were
placed on steel masts 25 m above the ground; in addition, at
Gedser a measurling apparatus was placed on a steel tower 50 m above
fhe ground. The height of 25 m was selected because this was
the elevation of the center of the experimental mill at Gedser.

Thus it has been possible to measure the wind energy at dif-
ferent locations around the country and, at the same time, to
compare the measured wind energy of Gedser wilth 1ts energy produc-
‘tion. Finally, 1t has been possible through measurements at
a 50 m elevation at Gedser to estlmate how much wind energy would
be available for taller mills.

The measuring Iinstruments were developed at the wind labora-
tory at Denmark Technical University. This equlipment gives
effect distribution values and indicators for maximum stagndtion
pressures.

The effect distribution apparatus integrates the wind energy
at various veloclties,wwhich are divided up into the following
six categories: 0-4 m/sec, 0=6.5 m/sec, 0-9 m/sec, 0-11.5 m/sec,
0-14 m/se¢, and 0-16.5 m/sec. The choice of these six values
was made on the basis of a very thorough review of existing
information relative to Denmark's prevalling wind conditions.

The measurement of effect distribution is very essential in
connection with the investigations of the Gedser mill which
worked at a constant rpm and whose- sails are not ad;ustable The
effect of such a mill depends on the ratio of the saill tip velo-
city and the wind veloeity. If the wind velocity 1s too great,
then the angle at which the wind strikes the sails will be
greater,ywith the result that the effect williibe smaller. The
measurement of the maxlmum stignation pressure has as 1ts purpose
obtaining statistics for the wind's stagnation pressure for which
one can determine the wind loads applicable for the design of
windmills. |



The measurements of the effect dlstrlbutions for the calendar /15
years 1960 and 1961 show that the mean effect per m2 measured at
Gedser at an elevation of 25 m is around 42 (kgmY(m® sec). This
corresponds to 3,610 kWh/m2 per year. The sall span area of
the Gedser mill Is 450 m< and, assuming full utilization of the
wind energy, this would amount to 1,625,000 kWh. The EPG of the
Gedser mill for 1960 was 353,600 kWh; thils would make for an
efficiency of 22%. In evaluating this efficiency, it 1is necessary
to consider that theoretically only 16/27 of. the available wind
energy can be used. This means that the "ideal" propeller can
therefore only have an efficlency of 59%, which again means that
the Gedser mill has an efficiency ratioc of 37% of the "ideal"
windmill.

On the basis of our effect measurements, we have been able
to determine the maximum mean effect at 25 m elevations to be:

Tune ¢ 29 (kgm)/ Hﬁg sec)
Torsminde 4q " "
Gedser 42 " "

The mean effectémeasuréd at Gedser at a 50 m elevation proved
to e 21% greater than at an elevation of 25 m.

Measurement of the maximum staghation pressure has been
carried on with some few interruptions since 1957.

The largest values attained at the four stations have been
the following:

Tune (25), 2/21/1959: dmax = 51 kg/m® (vgayx = 28.5 m/sec)

Gedser (25 m), 1/19/1958: Aamax = 73/kg/m2 (vpax = 34 m/sec)

Gedser (50 m), 1/19/1958: qpax 81 kg/m2 (Vnax 36 m/sec)

Torminde (25 m), 2/6/1961: qpax = 86 kg/m® (Vmax = 37 m/sec)

]
]

]

It is interesting to note that at Gedser. the ratio between
the stagnation pressure at 250 mlelevation and at a 25 m elevas
tion is 1:13. This corresponds to an effect ratio of 1:20, which
is in agreement with the results of the effect measurements.

3.7. EBExpenseg Incurred in Connection wlth the Installation of the
Measuring Equipment and its Use (see Appendilx 3.7

The four wlnd measuring stations and the measuring equipment,
éte.tfor these stations have cost 130,931.23 kr, The cost of
'actually conduéting the measurements amounted te 19,616.45 kr.



b, Compafative‘CdstS'for'Wind Power and Steam Power Electricity = /16

P. Poulsen—Hansen; Director, Civil Engineer

In Appendix 4 we have developed some formulas and economic
models for the evaluation of the conditions under which wind power
would be able to compete with steam power, using cost as a basis
for these considerations. We have assumed an anhualsinterest of
6% on the capital outlays and an amortization period of 25 years
corresponding to 7.82% yearly.

4,1. Wind Power

We are now introducing the term o in our wind power plant
considerations. oauls defined as the plant costs in kr. per kWh
annual production; and to this is added the other production costs
of 1 gre/kWh.

The cost of wind power electricity at the moment 1t leaves
the plant 1s then

7.82 x a + 1 dre/kWh (5.1)

Judging by the cost of the plant at Gedser of 320,000 kr.,
one would be Justifled in assuming that a corresponding plant
would cost around 270,000 kr. when mass-prdduced; 1t is even
possible that the price might go down to 240,000 kr.

Judging by the recorded wind measurements, those done at
Gedser and at Torsminde must be considered coptimal .with respect to
the available wind energy.When the yearly production from the
Gedser mill becomes 400,000 kWh, one will get a value of 0.675
for o and, under the most favorable conditions, 0.6. If, in
contrast, a wind power plant is bullt farther inland -- see the
Tune measurements -- the kWh production will be considerably less,
roughly 250,000 kWh and o will therefore be 1.08, or, under the
most favorable conditions, 0.96.

L,2. Steam Power

For a steam power plant construction we have figured the
building cost to be 800 kr./kW, with a reserve capacity of
25% of the maximum. Time between periodic shutdowns 1s 4000 hours,
and fuel efficlency per kWh nets:

[Remainder of p. 16 and p. 17 missing from origlnal]



... before such a facility will have an influence on the enlarge- /18
ment plan for steam power plants. .

If ‘wind power plants .are orly bullt on a small scale, as
supplements to steam power, then the wlnd power-generated energy
will only be used when this plant 1s in operation, and the ques-
tion of the wind power plant's output has no meaning, because
there simply is no need for that output. Therefore, the wind
power energy 1s only of value in relationto the amount of fuel
that 1s saved in the steam power plants (3100 kecal/kWh) with the
addition of 4% loss 1n the primary distribution facility.

The cost forewind power ex works (5.1) must be compared with
(0.31 x C)/0.96 gre/kxWh where

7.82 % & _0.31xC s
7.??ﬂf;:§”+ 1 = o ore/k7h } (8.0)

which can also be expressed:

¢ = 24.20 x % + 3.10 kr/Geal \ 8.1)
For 0.600 < a < 0.675 kr/kWh yearly production, the fuel
price is 17.60 < ¢ < 19.40 kr/Geal.

4.5, The Enlargement of Wind Power Facilities Instead of Steam
Power Facilitiles

If wind power fatilitles, rather than steam power facilities,
are greatly enlarged to cover the increase in electricity con-
sumption. they willl, under the most favorable conditions, have
to be available for use on individual days thrpughout the year .
and also during the year's maximum load, and the electricity
must be able to be taken when the plant produces it.

As long as these conditions can be met, this would be possible
wilthout continuing to compare the cost 1'of wind power (5.1) with
the cost of steam power from new flacilities (5.2.1).

17.82 x £ +1=2.70 + O

which can also be expressed
SIS a \

¢ = 31.28 x £ + 5.8 xr/Geal

1

(9.1)

L



In the meahtime, there is a precondition for (9.1),that is,,
that in addition to supplying the needed overflow electricity,
the wind power plant must also be able to achleve an electrical
output, meaning that there is enough electricity for use during
the year's maximum load. As already discussed under Section 4.3,
1t would not be Justifiable to determine a specific effect value
below the maximum for wind power, and, as a consequence, in con-
Junction with the wind power facllity, a reserve energy facility
must be constructed, which can be called into action during those
times... ' :

[Remainder of sentence and p. 19 missing from originall

5. Conclusion /20

Penmark is very modestly endowed with natural primary energy
sources, such as Tossll fuels and water power, and the country
1s therefore very dependent on fuel from abroad. It was therefore
natural to investigate thé.possibilities of making this countri!s
electrical power generatlon less dependent on the importabiénnofl
fuel, and this was the basis for the inwvestigations started
originally by SEAS and continued by the Wind Power Commission
relative to electricity production by wind power.

The resources avallable permitted the committee to build an
experimental mill at Gedser and three wind measuring stations.
The experiencewugained with the Gedser mill has proven that the
mill works satisfactorily and that it is practical to produce
alternating current and supply it direectly to exlsting power lines.
By means of the wind measuring stations it has been possible to
measure the available wind energy at the different places, and
thus show the significance of the placement of windmills. Con-
current measurements of wind pressure are of course of signifi-
ficance for the dimensioning of windmills and octher structures.

On the basis of the experilencedgained wlith the experimental
mill relative to buililding costs and production results, plus the
meagsurements of wind energy, it has been possible to derive a
good understanding of the cost for electrical energy produced
by wind power plants of this type.

A system of economic models has been buillt, by means of
which, under various parameters, a comparison has been made between
the cost for wind power electriclty with the cost of electricilty
produced by modern steam power plants.

These calculations have shown that the cost of wind power

electriclity corresponds to a cost for steam powencellectriedtyily
produced with fuel costing 17 to 19 k»./Gecal, whereas the steam
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powernplant's fuel at the moment costs 8 to 9 kri/Geal. It is i
therefore concluded that wind power electricity produced by a 2
plant of the Gedser type, under the present price structure,

1s unable to compete with steam power electricity. In view of

this, it was consldered unncessary to investigate whether the

wind power electricity could compete with water power electricity.

Wind power might be wvaluable as a replacement for the lmport-
ing of fuel and could be considered as a reserve to be drawn on
in situations where fuel would be in short supply. Further cal-
culations show however that the necessary investments would be
of such a magnitude that a project like thls, at this time, would
be inappropriate.

It should be emphasized however that the bulldingyof wind
power plants would require a considerable amount of Danish labor
and therefore could help alleviate a poor employment situation;
thus, one might apply the same polint of view to the bullding of
wind power plants that one might apply to reclaiming arable land.

It can furthermore be stated that 4% the UN conference on
new energy sources 1in Rome, August 1961, where this committee
had given information on 1ts research activities, it was found that
a number of emerging nations showed a great interest in the Danish
work with wind energy. Thus, there should be good possibilities
for Danish industry, 1f they were interested, to take part in the
delivery of wind power plants to emergling nations.

The devised economlec models will be of general usefulness
under the given assumptions and will make it possible to review
the problem 1n its technical-economic aspects, if future develop-
ments would cause an essentlal change of the figures on the ba&is
of which the majority of the committee drew their conclusions.

May 1962
H. Billeschou W. Hanning E. von Kauffmann
H. Lykkegaard A, Meldahl P. Poulsen-Hansen
B.7. Rambgll Herluf Raun Bérge Vester

Mr. J. Juul, Chief Engineer (Retired), has declared himself
to be in disagreement with the other members of the committee in
regard to the assumptlons and evaluations referred to in Sectién 4,
"Comparative Costs for Wind Power and Steam Power Electricity," /22
and the correspending Enclosure 4, "Considerations Concerning
the Competitive Power of Wind Generated Electriéity as Opposed
to Steam-Generated Electricity," and has therefore been unable to
agree with the above conclusion.
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Enclosure 1. The Gedser Mill , former Chief Engineer J. Juul /23

1.1. . Construction

The construction of the Gedser #Wlll was‘completed during the
summer of 1957. After the mill had completed its tr¥al run to-
gether with subsequent adjustments and minor médifications, and
after various measurements of effect and machlnery were adapted,
the m11ll was put intc regular operatlon in June 1958. Tt has
since that time, for all practical purpcses, been &n operation
day and night in connection with SEAS' electrical network, and
no calamltles of any consegquence have occurred.

The construction of the Gedser Hill was based on the research
and experlence of SEAS and their research statlons at Vester
Egesborg and on Bogdg.

The salls, the electrlical equipment, the transformer station
and its coupling to the electrical network were made by SEAS.

The machine elements and their assembly in theilr housing were
erected by Aarhus Machline Factory. The tower was planned and
dimensioned by Dr. B. Hgjlund Rasmussen and was bullt by Larsen &
Nielsen, general contractors, Copenhagen.

Data from the Gedser mill are as follows:

Number of sda®ls: 3

3ail span diameter: 24 m

Sail span area: 450 m2

Sail tip veloeity: 38 m/sec

rem of the salls: 30 rpm

Generator: 200 kW, asynchronous with 8 poles, 750 rpm

Generator slip at full operation: 1%

The mill is self-starting at a wind speed of 5 m/sec and
produces 200 kW at 15 m/sec at an air temperature of 5°C.

The transmission between the wind rotor shaft and the genera-
tor is handled by a double chain system that has a transmission
ratio of 1:25.

The mill is 25 m high.

In the following will be given a descriptlon of the essential
details of the mill's construction.

12



1.1.1. The Tower /24

The complete mi1ll construction is shown in Fig. 4,2and it
shows how the sails are guyed and how the machine elements are
placed on the tower. The tower consists of a vertical tube (1)
made of prestressed concrete, while the support ribs (2) and the
foundation (3) are made of reinforced conchete. The previously
mentioned measuring cylinder (4) is placed between the machine
elements and thé tower. There is a platform (5) whieh can be
reached by both an inside and an outside ladder (6)}.

At the side of the tower 1s a transformer housing made of
steel. g

1.1.2. The Salls

fs a result of research 1n the SEAS experlimental wind tunnel,
the sail profile proved to be favorable (Fig. 5). Fig. 5 also
indicates that a three-sgaill windmill with this particular sall
profile is efficient and that the windmill has thils wvalue or
effleiency when the sail tip velocity is 5-6 times as great as
the wind velocity.

Curve 1 on Fig. 6 indicates how many times a year various
wind veloecitles occcur. These measurements of wind energy were
made by SEAS In Scuth Sjaeland. Curve 2 glives the total amount
of energy produced duringtthe year; this amount 1is greated at
8 m/sec. Since windmills which are coupled to asynchronous AC
generators In connection with a large AC network have to run at
an rpm that only varies in accordance with the generator's slip,
which normally is from 1 to 4%, it 1s necessary that the rpm and
the sall tip velocifty beuchosen s¢ that they take the best ad-
vantage of the largest yearly wind energy, which, in thls particu-
lar case, 1s 8 m/sec. Since the mlll has its greatest effieciency
when the sail tip velocity is about 5 times as great as the wind
veloelty (see Fig. 5), 1t was concluded thatithe sall tip
velocity should be 38-40 m/sec.

Under different wind econdltlons than those that exist in
South Sjaeland, 1t might possibly be advantageous to adjust the
transmission between the salils and the generator so that the sail
tip velocity 1s either greater than or less than 38 m/sec. 1In
addition, one would have tc take iInto conslderation whether one
wishes to have greater cutput spread over fewer hours or less
output over more hours of the year. 1In both cases it appears that
the wind energy will be about the same, but of course thls depends
on whether the wind energy occurs as a strong blast during a few /25
hours of the year or whether ituoccurs as a daily light wind. -

The mill's output Indicated by Curve 2 1n Fig. 7 can be
constructed using the relationship shown in Flg. 7 between the
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wind'shpowér (indicated by Curve 3) and the mill's efflcilency
(indicated by Curve 1); or, if the mill's output curve is known,
the efficiency curve can be worked out in the same manner. It
can be seen that the mill's output curve falls off at a wind
velocity of 1% m/sec. This 1s due to a phenomenon called
stalling.! Stalling occurs when the wind's angle of 1ncidence to
the sail becomes too great. The wind therefore spills off the
salls adversely, and the mill's output will become comparatively
less as the wind velocity lncreases,

With the SEAS constructed research mills,ithe stalling phe-
nomencn is the major method used to prevent overcharging during
a storm. Normal changes in the wind produce fluctuations in the
mill'ts output, which can be readily :absorbed by a large
electrical network.

In the meantime, the mill should be able to be stopped when-
ever lubrication and malntenance are necessary, or when there
is a break in the connection with the electrical network. In
the special case of braking, the flaps at the ends of the sails
are brought into play. This is shown 1in Filg. 8§.

The braking flaps (1) comprise 12% of the sall's surface
and are, under normal conditions, 1ntegral parts of the salls.
The braking flaps are secured to a shaft (2), which, through the
use of the mill's automatic mechanisms, can be extended 300 mm in
the sail's longitudinal axis through a tube located in the main
part of the sall. With this motion, the brakling flaps are in
oppesition to the rest of the sall, bringing the mill to a stand-
still. The braking flaps are moved by a hydraulic servomotor' (5)
in connection with the mill's automatic system.

The saills bearing girderr (4} is rectangular In shape and
is welded together from 10 and 16 mm thick steel plates. The
girder's dimensions vary from the hub to its outside end, as shown
in the drawing. Layers of flat iron are atfached to the girder
and to these layers are attached streamlined cross ribs made cof
wood. In addition, wooden vmoldings are placed on the sail's
frontiedge and near 1ts back edge.

Sheets of light metal 1 mm thick are fastened to the rib system /26
by means of galvanized flathead screws and thus the streamlined
form of the sail is fashiconed so that the front side of the sail
has a bevel of 3° at the braking flap and 16° at the sail's base.

Through their research in the wind tunnel SEAS found that
this bevel is the smallest which allows the mlll to be

! The same situation occurs in connectlon with the wings of air-
planes. Stalling can 1n this case result in a catastrophic
reduction of the airplane's carrylng capaclty.
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self-starting at about 5 m/sec wind veloclty, and, at the same
time, 1t gives the sail its largest possible forward motion.

When a sail is constructed as described above, 1t must be
looked at in light of the fact that 1t was only possible to make
the sall by hand. .It will eventually become cheaper to mass
preduce a larger number of sails in the form of a shell construc-
tion made of precut welded steel plates, which could be fastened
to the mill's hub by means of flanges. It is also posslble to
-builld sails of other materlals than steel, for example, plastic,
if this becomes economically feasible.

The wind's pressure and its mechanlcal influences on the
sails &reddeperident on the sall's relative strength in relation-
ship to the wind velocity. On'the basid ofi'‘the experienced gained
at the SEAS Vester Egesborg mill, whennéwvé@ludtdng the Gedser mill,
it was decided to begin withia wind pressure of 15 t for th
Gedser mill. '

As a result of variaticns that can occur in the wind's
veloclty within a general distance of 24 m, calculations were
made of the torque influences which can occur around the vertical
-axis of the ml1ll's tower. Thls torque moment was found to be
7200 kgm which, together with the above-mentioned axizliiffiluence,
1s the basis for the calculations of the dimensions of the saills,
the machine housing, and the tower.

The cdleulations show that, for all practical punrposes, 1t
was impossible to bulild an aercodynamically favorable s&il profile
of steel that was freely suspended from the hub without guying.
The sails are therefore constructed to include guys which absorb
the axial pull and which relieve the back and forth bending
moments of the sall girder due to the sail's rotation.

In the calculations it is figured that steel construction has
600 kg/cm2 as a maximum for variable standard influences and
200 kg/cm2 when the influences change directlon because of the
rotation.

\.
ro

1.1.3. Machine Elements

The construction of the machine elements is shown in Fig. 9.
The sail girders (1) are screwed to the wing hub (2) into which
ball bearings (3) and (4) are built. The ball bearings cannot
be replaced without taking down the wings and the hub. The
carrying support 1s dimensioned very generously, so that, according
to the calculations, 1t has a long lifetime. Thrust bearing (3)
can be replaced without taking down the wings and the hub, whose
support 1ls dependent upon a bearing on the axel shaft (5), whichis
is firmly fixed to the machine housing and 1s bored through. The
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resulting canal (6) works as the oll pressure connectlion to the
hyraullc servomotors, which place the saill's braking flaps in
the position to allow the mill to operate.

An oil-tight bushing (7) 1s placed between the oil canal in
the axle shaft and the rotating oil pipe system in the wing hub.
A metal plug, which melts at 110°C,7is.used as a safety valve (8)
in the axle shaft's hlgh pressure oll canal. In case of over-
heating of the axle shaft due to a fault in the bearings, the
plug will melt, the oil will splll out, and the mill willl stop.

Based on the experience SEAS had at the Vester Egesborg mill
and at the Bogd mill, the possibility of using a gear wheel that
was dimensioned for the transmission of the 200 kW output at
30/750 rpm was invéestigated for the Gedser mill. However, 1t
became apparent:w.that, under theccircumstances, this type of gear was
inordinately expensive; therefore, 1t was decided to use a
roller chain gear, which would bring about the same results.

The gear consists of a two-part chain wheel (9) that is
attached to the hub which, wwith the help of two identical but
Independent 2-1/2" chalns (10), pulls the chain wheel (11) on the
second axle (12)}. This second wheel has a triplex chaln whegl
(13), which has attached to it three identical but independent
1-1/2" chains (14), which pull the generator's shaft (15). This
second shaft 1s connected to the generator (16) by means of an
elastic coupling (17) that has a shear pin (18), which snaps in
case of relay fallure, which could lead to an incorrect coupling
of the generator to the electrical network, and, thereby, cause
a dangeroussshock to the machine parts and the sails.

The bearing supports (19) and (20), together with the hydrau-
lic pumping system (21) and the generator are mounted on a welded
steel plate base (22). The yaw ring (23) is attached to the
bottom of this base. The yaw ring 1s of normal construction which
uses... [remainder of paragraph mlssing in original document].

. The inside immovable ring 1s shaped like a . tooth . /28
rim, . and these teeth are meshed with the gear of the yaw motor. -
Built into the gear is a worm drive which locks the gear to the
yvaw nrlng when the yaw motor is stopped. This is steered auto-
matically by a wind vane [(24), which 1s on top of the machine
housing. There 1s access to the machine elements from the platform
of the tower by means of a ladder (25),which leads to an opening
in the shelf. The intérnal parts of the yaw ring are fixed to
the mill's tower by means of a 450 mm high measuring cylinder (26),
en which there are placed strain gauge elements. By means of
these elements and thelr connected measuring instruments, the
mill's axial influences and torque influences can be measured. The
measuring cylinder 1z lightly bullt,; in order that 1%t be as sensi-
tive as possible.,
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An additlonal cylinder 1s. therefore placed around the measuring
cylinder; this cylinder is more sturdlly bullt and equipped with
Junction gussets (28) that grip the cam in the shelf plate, and
the cylinder 1s séturéddto this. Loosely fitting conical bolts
in the juriction gussets and the cam take up the strain when
measurements are not being taken by the eylinder.

The chain wheels and the chalns are surrounded by a casing.
The primary chains are lubriéated by means of an oil bath, while
the secondary chalns are lubricated by means of an oil pump on
which there is placed an oll pressure relay, which stops the mill
1f the oll pressure ceases. In order to prevent the oil from
spilling out and rainwater from seeping into the primary chain
box, a labyrinthine seal (29) isplaced in between the nonmoving
and the rotating part.

The elastic coupling. (17) is in the form of a shell which
has an outside band that is used as a mechanical brake. The
brakling blocks are ralsed when the ollwpressure aects con the
hydraulic system at the start of the mill; when the mill stops
and the oil pressure ceases, the braking blocks are pressed on the
braking band by a weighted arm. Thils brake will however not stop
the mill —-- that coccurs by means of the sail's braking flaps --
but this mechanical brake can hold the salls solidly when the
mill needs to be worked on.

All the machine elements are enclosed in a galvanized steel
housing on top of which is placed a wind vane (24), The wind vane
1s mechanically connected with a relay that activates the
turning motor.

The cables to the generator and the pilot cables are led to
the machine elements through:a rubber pipe (30), which is attached
to the base of the machine hcusing. This rubber pipe 1s suspended
freely in the tower so that it can easily turn 10 revolutions
in each direction.

Thus, the use of brushes for the connection of the circuit /29
to the machine elements i1s averted. Experience shows that the T
turning of the mill amounts to about 10 revolutions in the
direction of the sun yearly.

1.1.4. Mechanical and Electrical Functioning of the Gedser Mill

The mechanical and electrical functioning of the Gedser mill
is shown in Fig. 10. The mechanlcal portlon 1s shown schematically,
and the wlres to the generator:iiand the yaw motor are shown as a
single 1line, in order to make the diagram easy to read.

When the mill starts, the high-tension breaker (31), the low-
tension breaker (28), and the pilot cables breaker (41) are closed.
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The electromagnet (15) will then close the valve (16), and the
electrical motor (19) and the oll pump (20) will start operating
and putting pressure on the hydraulic system. As a result, the
servo motor (5) will pull the braking flaps (2) on the sails (1)
into an operational state in which the braking flaps become an
integral part of the sails. In addition, the servomotor - (7)
wlll release the mechanical brake (6) on the axle leading to the
generator (8). As long as the wind velocity is 5-6 m/sec, the
mill will start; and when the eight-pole generator has reached
750 rpm, the centrifugal relay (9) willl close the contactor (24)
and connect the network to the generator, giving energy to it
when the wind velocity 1s greater than 5 m/sec. If the wind
veloclty drops below this value, the generator wlll take 1ts
energy from the network and the return current relay (26) will then
disconnect the current to the coupling magnet in the contactor
(24). This will cut the generator from the network until the
wind once again reaches a velocity of more than 5 m/sec,and then
the centrifugal relay (9) will once again couple in the generator.
At the SEAS' research facilifty, the Vester Egesborg mill and

the Boggd mill, the generator's slip was 5% and 4%, and it was
possible to obtain necessary selectivity between the centrifugal
relay and the return current relay.

At the Gedser mill, however, the generator‘'slipiwas only 1%
at full load, and the centrifugal relay could not break the con-
nection to the generator's contactor with any degree of exactness
when the return relay had functioned. It therefore became
necessary to include a dampening contact, which slowédiit down
so that the contact to the centrifugal relay was not closed before
the relay, responding to the mill's decreased rpm, had been able
to break the connectdon to the contactor's coupling magnet.

The mil]l 1s stopped by disconnecting the low-tension circuit
breaker (28) or the pilot cables circuit breaker (41). The con-
nection to the contactor (24) will therefore be cut off, as will
the generator's connection to the network. At the same time, the /30
connection to the holding magnet (15) will be cut off. As a -
result, the valve (16) will open and remove oll pressure to the
servanotor - (5 and 7), and will putiinto operation both the
braking flaps on the sails and the mechanical brake (6), at which
point the mill will stop.

In order to hold the salls in the correct position with
respect to the wind's direction, the wind vane (37) is used, and
it is connected to the mechanism that controls the sall's posi-
tioning (38). The wind vane can cross two phase wires that lead
to the yaw motor (36),s0 that it changes 1ts rotatlonal direction as - the
wind shifts direction from right or left. When the wind hits
the salls at a right angle, the mill holds 1ts position by means
of a worm drive in the yaw motor's gearbox. The movements of
the wind vane are restrained a little by means of a shock ab-
gorber filled with oil.
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There are various safety provisions for stopping the mill
in case of damage or when the electrical connection to the mill
1s cut off.

If such a break occurs, so that the generator does not
become magnetized by the electrical network, then the contactor
(24) will disconnect as will the holding magnet (15), and, as a
result, the oll pressure will cease, and the mill will be stopped
by the braking flaps and the mechanical brake.

If there are condensers of the necessary capacity in this
portion of the electrical network K which stay connected to the
mill's generator, the generator will become magnetized. If the
load is larger than what the mill can take care of, the turning
speed will go down, the output voltage will fall and eventually
ease. On the other hand, if the load is less than what the mill
needs, the turning speed and the generatorts voltage will in-
crease.

The overvoltage relay (39) willithen disconnect the pilot
cables, 1If this has not already been done by the cenfrifugal relay
safety contact,wwhich can algso disconnect the pilot cable; and
the same can occur by means of a relay operated by a pressure
cylinder 21 [sic] that i1s part of the hydraullc overpressure
system.

In the holding magnet (15).plingery a spring is built in so
that the valve (16) can also function as a safety valvewy®which
opens up in the event of overpressure on it. As a result, the
sall's braking flaps will prevent the occurrence of dangerous
situations due to the excessive rpm.. Thus, this is made sdfe by
many means. I

The various safety devices lock themselves if they have been /31
set in operation,so that the mill cannot be started before they T
are manually disengaged, and only one of these devices hneed
funetion to bring the mill teo a standstill.

The wires from the transformer room to the base of the machine
housing travels through a rubber plpe (32) in the tower. To this
is attached a string at the top of the tower which can operate
a seesaw relay through a pulley system, in the event that the
turning mechanism turns the machine housing more than 10 rotations.
In thls case, the pilot cables will be shut off, and the mi1ll
and the turning mechanlism will be stopped by the seesaw relay
(34), which is connected to a falling weight (35). In the event
of abnormal shaking in the tower, the welght will fall down from
i1ts position and thereby cause the seesaw relay to stop the mill.

Normally, the generator cannot be overloaded even in the

strongest hurricane because the mill's output 1s automatically
curtailed by the sails' "stalling" during strong winds.
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If there were a break in the wire network in phase t, the
generator's operation in phases r and s could be overloaded;
therefore, an excess current relay (25) is added, which, 1n such
a case, would disconnect the pilot cables and stop the mill.

The relays (25 and 26) and the kWh-meter (40) work in connection
with the current transformer (U42) in the main cable.

The Gedser mill's pllot cables are in substance the same as
the ones at Vester Egesborg and Bogg.., At Bogd there is, lnstead
of a hydraulic regulating system, a strong coil.spring that,
with the ald of a winch or an electromotor, tightens and holds
in the sails' braking flaps when the mill is in operation. At
the Vester Egesborg mill, compressed air is used Instead of oil
pressure. The condensation of water can occur within the system,
which 1s . particularly unfortunate during frost weather; however,
all three systems -are able to function so that no accldent of
any conseqguence occurrs:.

l.2. Construction Costs

The 1list below covers the costs which only relate touthe
planning and constructlon of the Gedser mlll (the cost of the
measuring cylinder is excluded).

The total construction costs asashownkare 320,692.75 kr. It
has to be taken into conslderation that the salls, the electrical
system and the transformer station were made by SEAS under
advantageous conditions.

S~
[\

Cost as of March 31, 1962

Tower, including the soil investigations

and the building lot . kr. 76,400.33
Machlne elements (including 1ts mounting) kr. 75,000.00
Salls and the propeller hub kr. U44,135.57
Chains, holding brake, hydraulilc brake

lifter kr. 20,423.63
Generator, transformer, distribution

system ~kr. 56,765.55

kr. 272,725.08

Planning: sails, transformer and tower .. kr. U47,967.67

Total kr. 320,692.75
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1.3. Operational Results

Former Chief Englneer J. Juul.

The Gedser mill was put lnto regulan operation in June 1959,
and has since that time delivered electriclty to SEAS' 10 kV
electrical network.

In the following, a comparison is shown between the annual

prodiuction taken at the same time between the Gedser mill and
SEAS' research mill at Bogg (Table 1).

TABLE 1

“Gedser mill »~ (200 EW;M Boge mI1L :=. (45 k¥) _ Proportion
~ Ba?l’'span area’ 450 me - Saill span area 132 =2 456

e Y Kh T = 34
1959 Nov.. 25,710 64,324 4.06
Dec . 52,840 11,000 4.80
1960 J&n. 31,480 " 8,165 S 3.86
:Feb..., 44,640 8,487 ‘ 5. 27
‘March.. 34,180 54431 6,30
April - 38,340 6,757 5.68
May- 275320 44425 6.17
June: 23,980 3,588 6,66
x) ~July. 22,000 4,324 5,10
Aug.. - 18,920 3,798 5,00
Sept., 20,540 4,165 5,00
Oct:, 30,740 6,195 5,00
T 171,040 72,00 .1

x) In July 1960, the Gedser mill was stopped for 3 weeks
because of a problem 1in the yaw mechiénism. Production
was therefore actually only 7880 kWh during that
month; however, based on the proporticonal relationship
in productioniibetween the two mills as shown 1n the
last column of the table, the production would have
been 22,000 kWh, which is used as the production for
the Gedser mill for the month of July, for the sake
of the comparison of the annuidl production of the
two milis.
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Both mills start at a wind velocity of 5 m/sec.

The daily production of the mills is figured in kWh at 9:00 a.m.

dally, monthly and yearly. The production represents the pericd
from 11/1/1959 to 10/31/1960.

The proportional relationship between the sall span area of
the two mills Isnag-j450ris toil32lor 3wl fksig]. However, the
yearly average of the productions is 5:1, which first and fore-
most is due to the fact that the wind conditions aremmost
favorable at Gedser, where the mlll 1s located on the southern
tip of the west coast of Falster. Bogd, on the other hand, 1s
located on a small sound between Sjaeland and Falster and, as a
result, has about the same windicénditions as inland areas.

The yearly production for the Bogg mill since 1952 1is shown
in Table 2. ,

TABLE 2
| " ‘Bogd mill.
Production  °
l T < Yin/me
1
| 1953 674,170 660
| 1554 50,567 £30
| 1955 68,680 520
| 1956 91,133 690
| 1957 76,151 550
1958 78,502 590
1959 764,363 575
1960 . 72,655 550
643,665

The Bogdg mill's average production for the abeve-mentioned
8 years was 80,400 kWh/year, while the production in 1959/60
was 72,659 kWh, or 10% lower than the average. This was due to
the meteorologlical conditions in 1959/60, in which the wind was
westerly wlith a small velocity for an unusual number of days.

It is also likely that the Gedser mill's preduction for the
year 1959/60 was comparatively low and that the mill's normal

Faast
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yearly production -- as calculated ~- would be about 400,000 kWh.
If the Bogd mill's yearly average production were recalculated,
based on the 5:1 proportional relatlonship, one would find that
the Gedser mill4swaverage yearly production should be 410,000 kWh.

~
J=

The calculations show that the Gedser midl will, on an
average, yearly produce about 300 kWh per mZ mote sall area than the
Bogg mill, which shows how. important it iIs to find the most
favorable places for the setup of wind power facillities.

Experience in the technical area from the Bogd mill is
however, to some extent, weighted in favor of showing a greater
effectiveness for the Gedser mill.

Both at Bogg and at Gedser, there have been wind power facili-
ties since 1942, which generated DC current in connection with
the local diesel-driven DC plants,.

Both of these DC mllls were of modernceconstruction with
streamlinédssalls. In order to keep a constant tension on the
DC plants, the mills were equipped with mechanical elements that
regulated the output. The mills were used to thelr greatest
capacity, because, during the war, there was a great shortage of
diesel oil.

Table 3 shows the mills'! production for the years 1943-1946.

TABLE 3 o
St s gEdser DO mill - -» Bgd DC mill - .
. . XW T kiWh/m?  XWh o Twim/me
| 1543 135,671 300 29,220 122
1944 125,800 280 28,000 117
11945 117,100 260 31,889 132
(1946 113,540 252 20,882 53 . -
| 492,211 109,991
| Yearly.
| 2VETRES 553 000 2 27,500 A

The table shows that the average production per m¢ sail span
area was regpectively 114 and 272 kWh yearly, and ,that, under the
given local wind conditions; from 3.4 to 5.4 times as much energy
per unit area can be utilized when the wind power facllity is
connected to the larger AC network rather than to the local DC
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facility. The reason for this 1s that the AC network is capable
of absorbing a much larger portlon of the mill's possible pro-
ductlon without affecting the local electricity network's
voltage conditions.

1.4, Financial Assessment

In 1958 an agreement was made with SEAS involving the main-
tenance of the Gedser mill and the wind measuring stations.

it oThe agreement was as follows:

Section 1. SEAS would take care of the operation and main-
tenance of the research facility, including the inspection,
lubrication, c¢leaning, and insurance.

Section 2. SEAS will supply the manpower and materials in
the event that machine elements in the research facility need
to be replaced.

Section 3. In accordance with the Wind Power Commitfee
findings, SEAS wlll conduct the operational procedure for the
research facility and prepare the yearly report for the Wind Power
Committee, just as SEAS will assilst with earryingoout and com-
pleting the research.

Section 4. Together with the Wind Power Commlttee, SEAS
will assist in presenting the research facllity for study wvisits
from within Denmark and abroad. :

Section 5. SEAS will cover the costs of Sections 1-4.

SEASiwill figure the costs of Sections 1-3 in the following
manner: .

a. The cost for wages and materials will be based on the
actual unpaid wages and materials plus 12-1/2% for administration.

b. The cost of running the mill will be figured on the
current cost for SEAS without addling the cost of administration.

¢. The supervisoby personnel's wages will not be debited.

For costs under Section Y, SEAS will figure the net outlays
for consumptlon and the like, while nothing will be figured for
gperationndnd~forsupervisory personnel.

Section 6. As compensation for its efforts, SEAS will obtain
the research faciilifyls electrical production, :whose value will be
based on the quarterly production multiplied by the quarterly
operational costs per kWh.
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- Section 7. When the Wind Power Committee has finished their
research and measurements at the research facllity -- presumably
in 2 years -- negotiations will be carried out between SEAS and
the Wind Power Committee for the eventual takeover of the
research facility by SEAS.

Section 8. The present agreement can be terminated by both
parties with 1 year's notlce in writing.

If it should happen that there develops | an unreasonable
difference between SEAS' costs and their compensation, ahnew:ean
arrangementoregarding Sections 5 and 6 of the agreement can easily /36

be worked out.

October 29, 1958

Danish Electrical Producers! Southeast Sjaeland
Asscclation Electriclty Corporation
Jens Mgller, Viktor Hansen,

Chairman of the Board Cha¥fman of the Board

Financial assessments for the years 1959, 1960, and 1961 are
listed below.

Capital Outlays -~ 1960 1961
Materials 2,421,49  3,315.23 - 1,996.16
Wages | 1,310,546  2,826,95  3,035,7F
Administration | 466.52 910, 47 954, 49
M3kl operation i 807.48  1,612,40 1140298§£
Rental of additional . _ C e ) _Fﬁg
space [ £00.00 A00.C0 400,00
Mill maintenance [ 1,200.00  1,300.00 1,250,00
Capital outlays from ‘ SRR = o R
Section 4 : 321.80 151,50 255,7C
Miscellaneous f 0,00 4,391.55 d’953m2£
| 6,927.83 14,908.54 14,258,71
Income ! ' - -
Production _ ‘ - R
]2137_9‘ ‘C 5 "ﬂf, .! A o ® o c. 9 oap o o a 8 978‘-’:—2990 .
yoZia ! - ‘
| 76;“ | OO e cereee. 12,590,54 o
3231600 S - - 1
Surplus ; ‘ A ’
f 2,915.07 =2,318.0¢C +2,1375T2”'



It must be taken into consideration when evaluating the
financial assessment that a research facility in contrast to a
commercial facility needs frequent attentlon, frequent reading
of measurements, and extensive study of any breakdowns. The
capital outlays for the Gedser mill therefore easily become sub-
stantially higher than would be the case for a similar commercial
facility.

1.5. Operational Experience

1.5.1. Research Concerning the Pulsations in the Effect of the
Gedser Mill

Dr. B. H4JFlund Rasmussen, Civil Englneer

[Beginning of first paragraph missing from original document]
... and the current analysis is tryling to determline whether these
pulsations are related to the corresponding or the eventual
larger oscillations in the mechanical aspects of the mill#fs
elements and, if possible, to explaln the beginning of the
oscillations.

An analysls of this is shown in Fig. 11, and it shows the
main features of the system that gives fthe mill its working
pattern.

Mass inertia moment I corresponds to the propeller, and,
together with a flexible axle with spring constant ky tm/rad, is
connected with a mass lnertla moment Io, which represents a gear
wheel, chaln, etc. in the mill. I, is connected to the generator
at an axle with a spring constant ks, which 1s characterized by
the inner dampinguecy tm sec/rad.

In that the position of I2, I and the generator's rofor is
constant with the angles ¢3, 95, ¢3, the system's equation of
motlon is the followlng when the propellers areiarifiluenced by a
drive moment M, from the wind.

M, = I, ¥ -k (& - -;;52) = G (1)
i1 T/ _ T ey a’

: J‘:l (71 H 2) + o ‘r’2 - kg (’,{2 - T’—)’) = 0 (2)
iy (B~ A) - oy (F - Fo) = 0 D

Equation (3) indicates that the generator's stopping moment,
which holds a balance with the moment Iin the axle between I, and
the generator, 1s proportional to the difference between the
rotorts angular velocity $3 and a certain constant angular
velocity ¢g.
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Here $3 - $0Ais very small in comparison to $@,

. . . . 1hfe :
 The given effect is E kW = E-0.102 tm/sec = Mg+ 63 = Mgf3
where Mg is the moment in the axle between I2 and the generator.

l‘. X1 - _ e . C'_ 2, ]
M=oy (3 - F) = T (%)

[
-

e

If one now labels E as  a - function of time t, fnome¢l).
one could determined ¢,, and,thereafter, ¢, with the ald of (3),
$1 with the atd of (2) and My with the ald of (1).

The mechanical influence of the milluis,between Ip and the
generator, proportional with Mg and, between I and Ip proportional
with My - I1¢. = My. ’

H [ . T —f'f:‘ .‘
nlm - lk‘\"’ “1- fjl (5)
If I, 1s meaningless in relation to Iy, Mp = Mg is...
[Remainder of paragraph mlssing from original documént ],
If one assumes the known functlon /38
l T i - o . .
}.E'z EO + 231 91nuui1: (6)
ascd&8eribed above, one finds through simple calculations
g o £ gi Sinwy |
= e * $¥.; sin (u&t + dﬁ) n
M, =M féIt:Ivi sin (“"it +=,.:v)

Here Mgi is dlrectly proportional to Ej, and the relationships
Mpi/Mgy and Myg /Mgy are of interest in understanding the mill's
influence.

1y If Mmi/Mgi ls sﬁbstantially,larger than 1 for certain
frequency demains, there 1s the danger that certaln portions of the
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mill directly Inside the propellerumounting will be. overstressed,
even though the output does not go over 200 kW, The result 1s
that those elements of the mill which are not. separated from

the generator by large rotating masses receive an influence that
is always proportional to the output.

2) If My/Mg in an area around a certain frequency is small
in comparison to I, it results in a resonance phenomenon in
that the changes in the wind!s«ddr¥vemmoment M,, wlll become
greatly enlarged in the neighborhood of wp. E Wwilll then have a
tendency to pulse at a frequency wp, but this does not result in
a risk for the mill or 1ts sails when it 1is only Emax < 200 kW,

The following orienting calculations are now perifformed
under the following conditions.

I> 1s determined to be small in relation to theppropeller's
mass inertia moment Ij.

In the following it is stated that:
I, =TI (8)

where T is small in relation to I. The "placement"of the mass
Inertla moment I» can bervabiedaubyusetting

2 Tz (9)

where k becomes & kind of spring constant for all the axles in
the mill, and wheretthe value 1 of the parameter m results in
I> becomlng essentlally dlsconnected from Ij, and the value 0
of m results in I, ... [Remainder of paragraph missing from
originall

~
|V V]

Fromuthédudrawingsiofitheupbopelbetn; ;one can calculate
I7 = 30 tm sec2, ih that for the time being one condiders the
sails to be infinitely stiff (correetions for this will be dig-
cussed later).

In the research done at the site, one estimates that the
oscillation period for the mill with the generator liodked 1s about
1.5 sec, which glves an equation for the above-mentioned spring
constant k.

The damping c3 can te détermined by means of equation (4).
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M, = cy (¥ - &) =

0.102 E
g

o

Since the slip is s%, it follows that E = Epgax = 200 kW and

- _ S
Since éo = 30 rpm = (30-27)/60 = 3.14 rad/sec, one finds that

_ 0,102 = 200 205
3914—2 ° ""é-'

c
3

= “== t» sge¢/radisn
10 ’

O

If one now makes 1 = 0, one gbtalns

| [ 5"

IS wi I, 2 w. 1 . .
Y i ta1 , + Mo o= M

! ﬁll = (1 - —:E——) +. 4 ~c 1)2 Ml gl
sl T 3

In Fig. 12,T = 21/ws is set as the abscissa and Mg3/Myj 1is
set as the ordidnate for various valuesadfns.

This shows that when s = 0.5%, there is a distinet resonance
for T = 1.5 sec, and that there is no resonance for s = 2.37%.

When s = 141%ysadsls the case at the Gedser mill, there are
only signs of resonance in that 1t must be stated tlat the above-
mentioned numerical values for the mill's mechanical constants
are encumbered with substantlial uncertainty, so that the curve
for s = 1.1% can in reality lie both higher and lower than shown.

The maximum value is similar to:

1 g "2; )
| KT, K1y Voo kB
SNC S . when (%': T T, S ©

B ik
.2 e ! + 3
P03 3

4

The characteristic pull will decrease with larger oscilla-
tions In My as will the effect when one increases the slip, al-
though the model 1s in principle correct,
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= 30 tm sece,s = 1.1% /40

Since Fig.!1l is calculated with I =

or ¢ * 188 tm sec/rad and the os¢illation period for the docked
generator is 1.5 sec¢, curves for MVi/Mgi and Mmi/Mgi are drawn
in Fig. 13 for various values of '

Ip/I1 = t and ky/k, = w/(m - 1)

= 1.5 sec.

=

in the neighborhood of T
This shows that a mass inertia moment of Io,similar to

0.2 Iy, placed on an arbitrary plane in the milll, does not have
any substantial influence on the situation.

Up to now the propellers have been regarded as Infinitely
stiff, with a mass ineihtia moment of 30 tm sec?.

In reality, the propeller 1s made up of three elastic gir-
ders secured to an axle, and that moment which they transfer fto

the axle has so far been set similar to

Moo= N - I,
m TR - P

Each girder 1s In reality influenced by a tangential load
Qy t/m from the wind and mass energy -m(§v/8t), where the

tangential strength ls:

‘v = Ji— (P + w)l

of

L

Here x is the distance from the axle and w is the girders!

bending.
The ¢onditions in the sails are hereafter based on the
equation:
dv r4\
9, -~m3= =712
a's g1
dx*

If one sefts my the mass per m with constant I,and the sails!

Inertia moment IiInto the eguation as constants,

_ +y X
.qv = p(b',Z
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whlch should be approximately correct according to Mr. Jual
(engineer), one finds that, when one sets

Y
L =37 fogxax v(%) 42
I

| £
1 =3 ,// m xzdx_ n i3 (= 30 tm secz)
O .

L . N . . [

H
1

|
| M

it
i

the result is:

1) the oseillatlon period for the salls when the hub is
considered to be locked is about 0.56 sec,

2) ‘the curve shown in Fig. 13 for t = 0 is for all practical /42
purposes unchanged when T > 0.5 sec, when one considers the
oscillation perlod for the mill with the generator locked to be -
1.5 sec.

That is, the conditions of the millsare satisfactorily
characterized by the given model except for very fast oscillations
in the wind moment,which would result in thewpioépellers osclls
lating in such a manner that difficulties are caused in the sails.

Conclusion

It has been found that at the Gedser mill there are oscilla-
tions in the given effect or, in other words, the moment Mg, with
which the mill influences the generator. These oscillations ocecur
particularly at a frequency of about 0.7 or at an oscillation
period of 1.4 to 1.5 sec (Fig. 14).

The above-mentloned analysis shows that in a meodel whieh has
the same characteristlc qualities as the mill, these osclllations
will not be accompanied by particularly dangerous Influences from
specific parts of the mill, but the influences arevpprimarily
proportiocnal to the glven momentary effect,

In addition, 1t has been shown that the amplitude of these
oscilllations will be significantly lowered if one increases the
slip, and this will not have any mechanlically disadvantageous
secondary effect.

The osclillations in the wind's drive moment must be multiplied
by a certain factor f in order to convert to the oscillations at
the moment when the mill influences the generator, where fiils
dependent on the oscillation period as shown in Figs. 12 and 13.
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These figures are based on information which, in part, i1s
not exhaustive and, in part, 1Is encumbered by substantial un-
certainty, so that it would be difficult to draw broad qualita-
tive conclusions from them.

It seems however that the oscillations in the given é&ffect
must not have, as a cause, immaterial oscillations in the wind's
drive moment. A more exact answer to this can only be obtalned
by setting up a calculation for an oscilllating system which, as
much as possible, resembles the mill in all substantial details,

or by eventually setting up an examination of actual accessible
information from other mills.

1.5.2. Measurenents of the Pulsations

The measurements were carried out by SEAS at the Gédser mill
by means of a registering ammeter with rapid responses on paper
with time markings corresponding to each revoluticn of the
mill's salls. The ammeter was attached to the generator cables /42
through a 400/5 A current transformer.

The foldowingefHumbers of impulses per revolution were made
on recording paper #1-7, on which #1-~5 were taken on 6/30/1961
at a wind velocity of 10-15 m/sec, #6 was taken on 7/24/1961 at
a wind velocity of 9-10 m/sec (NW), and #7 was taken on 10/17/1961

at a wind veloeity of 13-17 m/sec (SW-W).
1ﬁcgp£££&;“iWi Millt's difrectién 'ﬁhpU1Sé§7;‘fReVOIUﬁibn‘?mp°/P?ﬁ*ﬁ
SPR aey Wind direction 155 - 100 o 1135
Bectlon/ 2 g GRreetol 7.5 50 1.55
i - . _ 42 27 1,55
{ _ {1 — 60 38: 5 10)56
'R
“Curve Noz_2 ' S ’
MSentlon: 2 _ 100 64.5 - 1.55
Settdon 2 - 51 33 1,55
| - o N 155 100 122
| - e _ | 63.5 41 1322
Curve No- 3 00 155
Qi - 155 1 : s/
| Sechlam S - 77.5 50 1.55
- ® - 77 50 1.54
Curve No, 4
-..- — ;;_..'.‘7_ . - 48 30,9 l".55
Sectron. . g : 155 100 1.55
- ¢ 3 Side ‘wind ( 60 39 1.54
- a i Rlslng§§thl o i 60 38.€ 1.55
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Y

G’ Curve No, 1. Millts direction Impulses = TRevolution imp./ rev,.

Gurve No., § . ,
Seetion 3 Y “' 30 19.5 1.54
- b ¢ Side wind . ¢ 30 19.5 1:54
- ¢ [ Descending sail | 28 18 1.55
- .= a4 - L 88 57.2 1.54
Cupve No. 6 - T T
Section: I 107 left; 130 83.7 1,55
) - 11 10Y right 150 97 1.55
-  III 10° 1eft 90 58 1.55
- v Wind diréctioen 90 58 1.55
- v 10¢ right ~ 90 58 1.55
- VI Wind directlon 100 65 1.54

-Curve No. 7

Sectlom; I Wind direction 155 100 1.55
- IT = - 155 100 13755
- III - 155 100 1.55
- v - , 155 100 1.55
- v - 155 100 1.55

1.5.3. Experience Regarding the Construction, Etec.

Stifféning Girders Between the Sails

In September 1957, there was a break in two of the stiffening
girders which are mounted between the sails. With the kind as-
sistance of the Laboratory for the Studyyof Metal at Denmark
Technical University, this problem was thought to be due to
metal fatigue. Prof. B.J. Rambgll carried out the calculations
for new girders, which were made ready for mounting. Since then,
there has been no similar problen.

Salldd Braking Flaps

The mill's braking flaps are moved by three oll pressure-
controlled servomotors . which are placed on the sails. This
system has not worked satisfactorlly because the three braking
flaps are not mechanically connected to each other, and therefore
they do not work at the same time nor together. The oil 1s led
through the mill's axle shaft over a packing brush and a rotating
pipe system to each of the servomoetors. .y

With the eventual future bullding of mills, one should un-
doubtedly choose the system used at SEAS' Bogd mill. The braking
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flaps at Bogg are moved by pulling arms that arewbullt Into the
sails. Thenpulling arms are connected by a strong coll spring
that tightens by means of an electrically driven toothed gear
system.

The Machine Housing

The machine housing, together with the salls, has shown a
tendency towards rocking. “The machine housing turns very easlly
on two rows of ball bearings, and, with the wind's varying in-
fluence on the sails, the machine housing begins to rock to thehaa
degree that the wobble in the yawaechanismis toothed gear
allows 1t. ' :

This could probably be counteracted by having the machilne
housing turn on a sliding surface.

The construction of the yaw mechani#sm has shown itself to
have various disadvantages 1n that, since 1t 1s so tightly built,
it becomes very difficult to repair. Certaln parts can only he
replaced after the wings and the machinefhousing have been
taken apart.

In July 1960, damage occurred In the yaw mechanism. It
turned out that two boeolts were broken, probably because they
were not sufficlently tightened. After changling to sturdier bolts,
the yaw mechanism has worked satisfactorily.

In order that the greatest possible operational safety can
be reallized, it would be advantageous, particularly in the
machine housing, to secure all the connectlons requiring sScrews
1n the relays, machinesiand apparatuses, so that they do not
loosen.

Examination of the sails and the exterior parts of the mill is /HM

made difficult by the limited space. Thls could be improved by
making the roof of the machine housing accessible.

Lubrication System

The chalns between the'propeller shaft and the generator
shaft are enclosed in casingsa. In the beginning, lubrication of
the chains took place in oll baths, which resulted in certain
disadvantages. In the flirst place, the ©ll bath hindered the
mill from starting,wWwhen the mill, due to lack of wind, had been
stopped so long that the oil was cold. JSecondly! it was difficult
to get the chain casings suff101ent1y oil-tight, because of the
strong olil spraylng in- the chain casings that gave rise to the
atomization of the oil, so that the oil seeped out between the
Joints as oil vapor.
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Lubrication of the chains was therefore changed to - pumped
lubrication by means of a small electrically driven oil pump
which put pressure on the lubrication system, so that the oil was
sprayed In on the chains. In this lubrication system, a pressure
relay was put in which disconnected the steering connection for
the mill, so that the mill stopped 1f the oil pressure dropped.
After the changes in the lubricatlion system, the gears have
functioned without any trocuble,

However, it has continued to be difficult to keep the chaln
casings oll-tight. Spilled oil from the mill is carried some
distance away from the mill by the wind and has caused~crop
damage. In addition, spilled c©il is a danger for the maintenance
personnel.

By splacing spill trays under the chaln caslings, this diffi-
culty can be overcome.

Electrical Installation

Spilled o0il from the machineithousing penetrates the electri-
cal cables,aand this has made 1t necessary to change many of the
cables. The use of plastic-coated cables 13 recommended.

Supervision

SEAS has been in charge of the operation of the Gedser mill.
Monthly inspections have taken place. In addition, a neighboring
farmer has agreed to keep an eye on the mill and report if he
observes anything unusual.

This supervislon has proved to be satisfactory in connec-
tion with the mill's comprehensive safety system, which has
worked very efféctively.
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Enclosure 2. Measuring Wind Effects at the Gedser Mill

|

2.1. Calibratlon of the Graduated Cylinder

Professor A. Efsen, Doctor of Technology, and V. Askegaard,
¢ivil engineer.

The Laboratory for Construction Technology has, for the
Wind Power Committee, mounted strain gauges on.the graduated
cylinders of the windmllls, in order to measure the wind effects
upon the mill. Furthermore, the graduated cylinder is calilbrated
for variocus powerweffects.

A section through the graduated cylinder is seen in Fig. 15,
where the power influences which control the dimensloning of the
tower are glven, transferred to the measuring cross sectlon.

The foundation of the measuring cylinder was constructed as
1s shown in Fig. 17, after the method shown in Fig. 16, which
used wooden wedges and tenslion cleats, was found to be unsuiltable.
The ecylinder was sunk down vertically into a layer of soft
mortar 3 cm thick, which had been leveled beforehand, so that
the contailner was held in contact with the entlre surface of
support by its own welght. The mortar layer was spread on the
laboratory's stress plane in an area - where we had previously
repaired fissures and holes. It can be assumed that the coms
pression of the underlayer - 1is_  very small in '
relation to the compression of the measuring cylinder.

The measuring cylinder is .influenced as shown in Flgs.117,
18, and 19, and as shown in Filg. 22 A,B,Ci and D. The placement
ofi.thenatrain gauges 1s also given in the latter figure. These
are placed on the inner side of the cylinder with an angle of U5°
between their longitudinal direction and the cylinder's generators,
s8¢ that two consecutive strain gauges stand perpendicular to one
another. In the introductory testing we used straln gauges in
positions 1, 2, 17, 18, 33, 34, 49, and 50. For the final
ecalibration, we used all of the strain gauges, 64. The strain
gauges are of the type: Gustafsson B 225 S (R = 120 Q), k =
= 2.20, a = 2:10~% £/°¢). The strain gauges are affizedwith
heat-hardening L glue, which has been allowed to harden for
approximately 5 hours at 120° (see Figs. 20 and 21).

The unit extensions for all of the straln gauges are read /46
@ff for each of the power influences shown. These readings are
then placed in the following measurement expression, which will,
in due course, be registered by the measurlng instruments.
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The value of the uppermost expression 1s proportional to the
vallue of the horlzontal power and should, if the cylinder behaves
in an 1deal manner, be zero for all of the other power effects.
This 1s correspondingly true for expressions My and Mx,y'

During the introcductory testing, where strain gauges were
placed in the positions 1, 2, 17, 18, 33, 34, 49 and 50.oniyy
1t was shown that the above measuring combinations were not com-
pletely independent of the extraneous power effects. Thils 1s
presumably due to the fact that the cylinder in the area next to
the weld in the generator direction exhibited definite local
denting. Nevertheless, the interim testing showed that there was
reason to assume that, 1f one wereto employ a sufficientiy large
number of strain gauges along the measuring section, onewwoilld
find strain gauge combinations with which Py and My could be
deftermined with sufficlent accuracy.

We therefore employed the 64 strailn gauges previously men-
tioned on the cylinder, and the calibration was carried out as 1is
shown in Fig. 22. On the basis of the measurement results we have
made an estimate as to the dependency of the varicus strailn
gauge comblnations upon the extraneous power effects, so that the
most sultable comblnations can be chosen and used.

All of the measured values for € are shown in Fig. 24. 1In
Fig. 25 these values are combined in the above expressions for
the measurement of Px, M,, and Myy, corresponding to the load
instances in Fig. 23. These load instances (B, C, and D) are
arrived at on the basis of the corresponding load instances in
Fig. 22, by subtraction of the effects of the central normal power. /47
The central normal power has been hecessary during the calibration =~
in order that we might be certaln that the entlreddbaméter of
the ¢ylinder has been in contact with the underlayer at all times.

In Figs. 26 and 27 we have made a calculation of the degree
of uncertainty involved in the calculation of Py, My, and Mxy -
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Fig. 26 gives the degree of uncertainty when Py = 15,000 kg,
and the :@@bove power effects are as shown in Fig. 15.

Fig. 27

gives the degree of uncertainty when Py = 7500 kg, and the above

power effects are as given in the diagram.
which 1s expected to be of the greatest infterest, My can be
assumed to be constant, according to statements from engineer

Juul, SEAS.

In this Py integral,

Commentary, which explains the method used for the determina-

tion of the degree of uncertainty, is found with the diagrams.:

The following measurement combinations have been

being speclally desirable:
1. for measurement of Py

combifiatlén n = 9: standard deviation is
aand

It

13: standard deviation 1s
and

combination n

2. for measurement of My

combination n = 11: standard deviation 1s
s
and

combination n =%}5: standard deviation is

and

The stated uncertaintles 1n the determination of My are

a) M, fluctuates around
a zero position which is determined in that Py attacks the
propeller shaft, b) the windmlillds yaw and the variation of M,
anewwviery slow in relationship to the variation of My.

correct under the followlng assumptlons:

The determination of My is encumbered in that the point of
attack for P_ is determined with a degree of uncertainty of
approximately 5 cm 1n the z axis' direction, when Px attacks in
the directioniX or I (see Fig. 22C). When Py attacks in other
directions, the degree of uncertalnty 1s approximately 20 cm.
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The theoretical and measured relationship between the above
expressions for P, and M expressed by € and the amount of power /48
influence, is shown in FXg . There is excellent agreement
between the theoretical and measured curves, which are straight
lines. Since the unit extensions in the measuring cylinder are
very small for the glven effects, it willl be natural to assume
that the proportion will be valid also for values of Py and Ny
which are considerably larger.

2.2. Postecalibration and Measurements

Professor A. Efsen, Doctor of Technodiogy .and V. Askegaard,
¢lvil engineer.

The calibration of the measuring cylinder for the windmill
at Gedseruwas described in Enclosure 2.1. Because of deviations
from the cylindrical surface of rotation arrived at during the
construction and also because of the small height of the measuring
eylinder, which rendered the deformaticn state in the measuring
positions dependent upon the foundatlon specifications, a greater
number of strain gauges was affixedto the ¢ylinder. Combinations
of these strain gauges were -selected ‘' for the measureméntosf the
Individual power effects, and from these combinations, the most
efficient were selected, during a calibration made in the research 7
laboratory of the Laboratory for Construction Technology. By ‘
"an effective combination for the measurement of My, for example,"
we mean a combinatlon which gives a signal which is unambiguously
connected with M, and therefore independent of the other power
effects (for example, Py4,Myx, and My). Complete independence
of the above power effects was not achieved, for the above-
mentioned reasons.

For the placement of the strain gauges, see Fig. 29.

Fig. 30 shows a photograph of the windmlll, with the place-
ment of the measuring cylinder indicated.

In the above report, the measurements at Gedser were supposed
to be continued over a 1ong period of time, with registration of

(TR Y Wit d  vowrese B _.._____.__.2.
FRE HEBDEURYEl powek P =VP32 + P2, the torsional moment My, and

the overturning moments My and My. (The coordinate system is
shown in Fig. 29.)

However, the test technique was changed, so that only the
two components of P, and My were determined during the measurements
at Gedser. Instead, measurements were made on the days which
exhibited desirable wind conditions, and here we have drawn up
the signals for short periods (approximately 5 sec), during which
time the wind speed can be assumed to almost censtant.
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After the test windmill at Gedser was constructed, cali-
bration of the selected combinations was made, from May 13-15,
1959. The power effect was the overturning moment, which was due
to the machine house's eccentrically active net weight M, =
=12.8 ¢t x 1.14 m = 14.6 tm. In the caseudf bending of Ine
machine house, this overturning moment can be turned in relation
to the measuring cylinder, and from this we can establish a com-
parison with the corresponding calibraticnal testing in the test
facilities at the Laboratory for Construction Technology. No
calibration can be made on the windmill for a horizontal force or
a torsion moment. However, the latter effects were shown to
entail considerably smallerddegrees of uncertainty than the over-
furning moment, during calibration in the test facllities.

™~
=
O

On thewbasis of the calibration at Gedser, the combinations
indlecated in Fig. 29 were selected for the measurement of Py and
My, because thelr sensitlvity to M, was on the same order as the
sensitivity exhibited in the 1abor£tory testing.

The foundation specifications, or the manner in which the
forces are transferred to the measuking cylinder, are not the
same 1n the two cases. 1In Figs. 31-33 one can see that, in
time, a change might be made.

Measurements were taken with the windmill in aectlon on
10/27/1959, with wind speeds of between 12 and 20 m/sec. On
10/29/1959, measurements were made with a still windmill, with
wind speeds of 4-5 m/sec. This final measurement forms the
foundation for the determination of the measurement combinations
reading at 0 m/sec, which is the starting point for the determina-
tion of the measured wind forces. The windmill is in the same
position as on 10/27/1959.

A corresponding measurement is taken with the windmill in
motion, on 11/2/1960. The wind speed here was between 11 and
16 m/sec. Measurements were made with a still windmill in the
same position on 11/9/1960. The wind speed here was approximately
6 m/sec. The wind situation during the measurements can be seen
in Fig. 34.

As previously mentioned, the film was taken for a few seconds,
as the wind speed 1s almost constant during this interval. The
wind speed is measured with an instrument which 1s connected to
a cup anemometer approximately 25 m west of the windmill, and
mounted at a héight of approximately #0 m, This instrument is
‘mountedwwith clamps.

The films whilch were taken are included with the report. Two
typilcal historles are shown in Fig. 35. Zero lines for the
individual signail8 are indicated, and the relationship between
amplitude and the unlt extension e is also glven, so that additional
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collaboration of the films can be made, if necessary. The con-
nection between € and the measured wind forces is shown in the
calibration curves in Fig. 36.

In the film which was made on 11/2/1960, the sail's position
through a swutching arrangement is shown, as 1t appears in Fig. 35.

The zero lines 1n Fig. 35 are established after the correc-
tions:have been made for the effect of the overturning moment My
from net weight and Px, and the overturning moment from the
torque -moment M,. The corrections are made on the basis of
Figs. 31 through 33.

In the corrections we have ignored the contribution which is
due to the fact that it was not wind still during the control
measurements on 10/29/1959 and 11/9/1960, when there was
4-5 m/sec and approximately 6 m/sec respectively.

The resistance coefficient for the windmill sails in the case
of a windmill at rest can be assumed to correspond to the resis-
tance coeffieclent for rectangular plates where the relatlonshilp
6 between the length and the width, according to Hiitte I,

Vol. 26, p. 390, is: :

cC = o5 = 1.23 where ¢ 1is the resistance coefficient
4 w 1s the resistance in kg
F i1s the sail area 3 x 9 x 1.5 = 40 m2

q = 1/2 pv2 kg/m?

v 1s the wind speed in m/sec
p = 0.13 kg-secd/mb

¥ o,

2 kg.

which glves ugs w = 3.2.v
The relatlonship between w and v is indicated 1n Fig. 37.

It follows from here that the correction resulting from the wind

speed, which is 5-6 m/sec, has no meaning, both for Py and My.

It can be seen in Fig. 35 that the torsion moment fluctuates around

the zerolline with approximatély the same fluctuation to both

sides.

The greatest values for Py and absolute value of M, for each
individual film seen are given in diagrams 1 and 2, on the fiols
bowing pagesw oGraphs of the results from these diagrams are given
in Flg. 37.

The degree of uncertalnty of the readings 1s estimated to be:
approximately 700 kg for P, and approximately 700 kgm for My .

Continuing with the above measurements, the measurements
made on 1/13/1962 were made with a wirid speed of between
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19 and 27 m/sec. In addition, measurements were made on 1/15/1962

with a sti1ll windmill, where the wind speed was 7-8 m/sec. /51
J Time  Pilg Scene Wind- speed P rax fE | max
‘ No. No.. /sec x i i vkg:
!16 50 .8 41 12 ; 500 | 3300 |
| : I 2 | mn ;3700 1 1600
[ : L3 12 j  37c0 ¢ 1300
1§:53 P4 12 I 3500 ! 1200
?7:12 9 i1 13 ¢ 3200 | 1300 |
' L2 12 3300 | 1800
3 12 30C0 300
4 | 13 2700 2100
5 12 3700 2300
6 12 3500 2500
7 14 3700 2600
8 12 3300 2500
9 13 | 3300 1530
i 10 14 3700 2000
h7.23 110 1 13 | 3000 . 2100
2 14 4500 2900 .
3 13 ' 4200 27C0
4 16 4500 2900
5 15 1100 2100
6 14 4100 3200
7 13 k 39C0 2100
17226 ! 8 Calibration 1 |

e — -

Diagram 1. Measurement on 11/2/1960.

Film 6: calibration on 11/2, time 16:05.

Film 7: two scenes, each of approximately 20 sec
duration, wind speed 10-~12 m/sec, on
11/2, time 16:30.

Film 11: calilbration on 11/9, time 14;25.
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Mime  Film Scene Wind speed P_ max 21| max
/ No. " No. m/sec X vz i Vizm
- e g g e o S U
15.55 2 1 1 18 4600 i 1600
| 2 16 5300 2300
30 18 © 5300 4800
4 16 | 5000 1900
5 18 5500 2500
6 16 4200 2300
7 18 5300 2300 |
8 17 5500 1600
9 16 4100 2500
; 10 15 4800 2500
| 16:01 | 11 17 4400 | 2500 !
| 16:33 3001 14 4100 | 1400
- 12 4600 2300
3 17 4800 3500
4 17 4200 1000
5 15 | 5000 £000
6 15 4600 3300
7 ! 16 o 6300 4600
8 13 4100 3100
9 12 3500 1300
10 i 12 3300 | 2300
17125 & 119 ' 1400 | 1900
lo2 20 500 3100
3 i9 6300 5300
4 18 5300 | 1900
5 19 4600  , 1400
6 19 5000 2500
T 13 | 5900 5500

Diagram 2. Measurement on 10/27/1959.

Fllm 1: ecalibration on 10/27, time 15:35-15:43
Film 5: calibration on 10/29, time 13:50
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Time Film Scene Wind speed P max 15| max
\ T !
£E

No. . No. . =/5ec X VEEM
14100 © 12 | 1 27 7200 | 5800 !
! 2 ! 24 7600 4300
% 3 24 6300 4100
3 4 23 7000 4700 |
5 23 6800 3900 |
6 22 7000 4300
14110 | 7 24 7200 4500
15:00 | 13 1 19 6600 3100
2 19 6100 2000
3 20 5900 3600
S S 4 . 21 5900 3700
15:20 00 .. i o5 ] 21 6100 2100 |

Diagram 3. Measurement on 1/13/1962.

Film 14: calibration on 1/13/1962.
Film 15: calibration on 1/15/1662.

The results from the last measurement are Included in
Figs. 31, 32, and 33, which show that the foundation spé&éifica-
tions are underolng constant change.

The wind situation is shown in Fig. 34, and diagram 3 above,

shows the measurling results, after the correctlons have been made.
Fig. 37 shows a graphic representation of the measured results.

2.3. Expenses for Construction and Measuring {as of March 31,19627/53

Measuring cylinder (incl. projection and kr. 15,690.00
mounting)
Diverse changes kr. 11,845.96
Payment concerning pulsation
investigatlions krs 4,700.10
Measurements from windmill kr:-25,960.00 = Krku+30,660.10
Kr. 58,196,006

by
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Enclosure 3. Wind Measurements

|

Docto¥ &f Philosophy and Technoleogy Martin Jensen

3.1. Positioning ofi-the Measuring Stations

The Danish stations for measurement of wind conditions are
placed at Gedser, Torsminde,and Tune, as is shown on the map in
Fig. 38.

The selection of these places is based upon a consideration
of the topographical descriptions stated below.

A 25 m high mast, which holds the apparatus, 1s found at
each station. This height was chosen because the hub on the
test windmill at Gedser is located at this helght.

The effect of the wind increases proportionally with the
height above the ground. In order to find out whether it is
economically feasible to built higher windmllls, in other words,
if the greater wind effect can pay for the more costly construc-
tion of the windmill, a mast 50 m high was placed at Gedser,
in addition to the 25 m high mast already present.

3.1.1. Gedser

The station at Gedser lies 3 km north of Gedser. The test
windmill is located here, in addition to the twe stations used for
measuring wind forces, one appraratus station located 25 m above
the ground and the other 1ocated 50 m above the ground. Fig. 39
shows thelr placement.

The test installation lies 300 m from the west coast of
Falsterw. Here, Falster 1s 3 km wide from east to west. The
terrain slopes from the east coast upwards toward the test instal-
lation, where the terrain lies 10 m above sea level; from here,
the terrain slopes downwards towards the western coast, where
the land ends with a ¢liff 5 m high. The entire area is flat
farming land.

As is shown on the map in Fig. 40, the location 1s exposed
to winds in the sectodr extending across the south, from west to
north=northeast, as the wind in these dlrections 1s coming across
45 km of open ocean. There are also conslderable@t¥etches of
water over whilch wind must pass in the sector across the northwest,
from west to north-northwest. The only land winds come from a
small sector lying approximately north. [Remalnder of paragraph
missing from original document] '
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Since the north wind is the least common 1n Denmark, the /55
placement of a wind-driven electrlcal generator at Gedser must be
considered nearly optimal with regard to the production of maximum
energy.

3.1.2. Torsminde

Torsminde is a small village by the slulce whieh dralns into
Nissum fjord. It is located in the middle of the small isthmus,
running north to south, which separates the North Sea on the west
from Nissum fjord on the east.

The measuring station is located south of the village, out
towards the ocean, on terrain which lies 2 m above sea level. The
measurements are made 25 m above the ground surface.

Torsminde was chosen because here one 1ls free ¢of the high
sand dunes, which are otherwise characteristic for the western
coast of Jutlands.

The village of Torsminde consists of houses between 3 and 5 m
high, and built upon terrain of the same elevation as that upon
which the mast stands.

As 1s shown on the map in Fig. 41, the location is completely
exposed to ocean winds in the sector across the west from north-
west to southwest.

The location is also gquite favorable for the easterly winds

coming from the fjord, and,because the land in back is flat, dt is
@pen. country, at least withln a radius of 15 km.

Only in a small sector in the north and a corresponding
sector in the south is the wind reduced,wwhen is passes the
1sthmus. At these points, the isthmus consists of the more charac-
feristic sandddune landscaping.

With respect to the domlnant westerly winds present in Den-

mark, the station at Torsminde must be assumed to represent the
optimal placement for the Jutlandish peninsula.

3.1.3. Tune

The station for the measurement of wind at Tune is placed
25 km west of Copenhagen.(Flg. 42). The measurements are made
25 m above the ground surface.

The station is built upon a weak elevation in the terrain,
runiing north to south, and lylng 62 m above sea level. The
terrain east and west of the station slopes downward slightly.
e
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The area 1s completelyopen and llghtly rolling farm land.

Wind from all directlons passes considerably distances over
land, except for wind from the southeast.

The station at Tune 1s. representative of the best possible
situation of a statlon in Denmark, if the station is to be buillt
inland.

™~
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3.2. The Stations for Wind Measurements

3.2.1. Mast and Hut

The sensing elements of the measuring apparatus are mounted
on the top of a pylen. It 1s a lattice work, triangular in
cross section, and all of the poles are of round steel. A small
balcony 1is placed at the top of the mast, for lnspection of the
apparatus. The measurement readings .are made in a hut at the foot
of the tower.(Fig. 43).

3.2.2. Effect Distribution Measurements

The test windmill at Gedser operates on the following prin-
clple: the propeller drives an asynchnonous generator by means
of aeconstant gear, which is linked to an electrical network,
whose frequency 1s determined by the main steam power plants o
whlch are connected to the network.

This constructlion means that the sails'srpm fluctuates
approximately 1% between no-load operation ané full-Ioad operation.
The blades themselves cannot be adjusted. It must be noted that
the rotatable blades alone serve as a brake in stopping the
working system.

The efficlency of such a wind~driven power plant has a maxi-
‘mum value for a determined wind speed, which depends upon the
degree of gearing between the generator and the sails. If the
wind speed 1ncreases beyond this point, then the winddsaattack
angle to the blades will become too great, and the result will be
that the effectliveness of the windmill 1s decreased. The blades
will stall in the case of even greater wind speeds, and the
effectiveness 1is greatly decreased.

When constructing a windmill according te this principle,
one must recognize the span of windispeeds at which the windmill
will function most efficiently. It 1s therefore extremely neces-
sary to be famlliar with the distrilbution«df the wind energy 1n
relation to the various wind speeds.
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A new system was constructed for this purpose, a system
which could 1ntegrate the wind energy distributed accopding to
wind speed, which can be called. an effect dilstribution meter,
or Ef—meter. The apparatus integrates the wind discontinually,
that 1s, in the following six..areas: 0 to 4 m/sec, 0 to 6.5 m/sec,
0 to 9 m/sec, 0 to 11.5 m/sec, 0 to 14 m/sec and 0 to 16.5 m/sec,.

The selection of these particular values occurred on the
bagis of a careful examination of the existing infermation con-
cerning Denmark's wind climate. The measurements have substan-
tiated this selection as belng particularly suitable to ouk
purposes.

As was previously mentioned, the Gedser windmill's rpm
fluctuates only 1% from no-load operation to full-lcad operation,
and it will therefore assume responsibility for gusts of short
duration. [Remainder of paragraph midssingifrom original document ]

As is the case for most wind-driven power plants, the Gedser /57
windmill rotates slowly into the wind, and 1t cannot be reponsible
for short-term varlations in wind direction; the Ef-meter is

constructed correspondingly.

An Ef-meter has six sensors mounted on a horizontal beam at
the top of the mast. This beam 1s rotated by a mathine in such a
way that it maintains the same angle of incldence to the wind as the. -
Gedser windmill. Each sensor contains a movable plate which is
perpendicular to the wind direction. A spring presses the plates
forward against the wind; if the wind speed exceeds the charac-
teristic value of the sensor, then the plate is pressed backwards
slightly, tripping a switch in a eircult which dncludes an
electrical countling device.

The measuring method is basically statistical, in that a
synechronous system in the hut sends an impulse every 15 sec to
all of the senscors, and more or fewer of the counting dewices
will register a completion of thelr circult, according to the
wind speed. There is, in addition to the six aforementiocned
counters, an additlonal counter which counts all of the impulses
sent out.

A detailed description is found in Section 3.3.

3.2.3. Meter for Maximum Speed-Pressure

At each station there is a system for measuring the maximum
value of the wind's speed-pressure, qpax-meter. These measure-
ments are made in order to obtain a statistical overview of the
windds stagnation pressure,; from which one can derive the w1nd
stresses which are to be used for the calculation of not just'
windmills, but also of constructions in general.
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The sensor is a large Pitot tube, which is held up in the
wind by a wind vane. Two plpe conduits lead from the sensor down
into the hut, where the pressure moves a float vertically. This
motion is registered on a cylinder, but the cylinder is not moved,
except for a slight rotatlion at midnight. Thus, this system shows
each day's maximum staghation pressure. '

A detailed description is found 1n Section 3.4.

3.3. Effect Distribution Meter

3.3.1. Sensors

3ix sensors, mounted upon a Y=m-long horlzontal beam at the
top of the mast, are used in this system (Fig. 44). The beam
rotates about a vertical axis, so that it is always perpendicular
to the wind. The rotational machinery is an electric motor,
whilch 1s geared to give the beam a full rotation in 15 min, cor-
responding to the Gedser windmillt's time of rotation. [Remainder
of paragraph missing from original document ]

The sensor is shown in Fig. 45. The plate pl is 15 x 15 em, /58
p below 1s the plvotal mounting, H above 1a the head of the
spring s, which pushes forward with a force which is different
for each of the six sensors, which together compose a set.

When the wind pressure upon the plate exceeds the charac-
teristice value of the sensor, H will be moved backwards, thereby
rotating the unit u, so that the switeh for the electrical circuit
1s closed at c.

This is shown in detail in Fig. 46. When the wind pressure
lncreases, H will first move 1 mm, before the finger f is
touched. During the next millimeter movement, the switch spring
cs 1ls moved forward t£o the contact switch at e¢. H afterwards
moves another 1 mm before impact, durlng which time spring es is
bent, since 1t is qulte flexible. 1In the case of decreasingwwind
pressure, H first moves 1 mm, ~and  u remains at rest, because
of the friction spring ts. During the next millimeter's motion
of H, f is also nioved, and cs stralightens out, so that there 1s
contact at all times. Only when H has moved more than 2 mm 1is
the contact with ¢ broken. H now moves its third millimeter
forward to the dmpact polnt f, leaving a 1 mm gap at c.

This arrangement is used 1n order to hinder circuit comple-
tions in rapid successlon which are due to the turbulence of a
wind whose pressure upon the plate corresponds exactly with spring
s of the sensor in question.

The plate pl consists of 0.4 mm aluminum plate in a frame-
work of duralumin. The spring s is made of Phosphor bronze.
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Contact ¢ i1s equipped with contact surfaces of platinum, The rest
of the apparatus is made of brass. The apparatush; box is shown
openiin Fig. 45. In operation this box is locked with a deck
rlate.

The silx sensors, which make up a set, indicate circuilt com-
pletion when the wind speed exceeds the foldowlng values:

Sensor No. 1 4.0 m/sec
" "5 6.5 m/sec
n "3 9.0 m/sec
n no 11,5 m/sec
n o5 14.0 m/sec
" nog 16.5 m/sec

The sensors are adjusted in the wind laboratory's 60 x 60 em /59
wind tunnel. The adjustment is repeated after approximately
1l year. Variations in the apparatus have been minimal.

3.3.2. Priction Contacts

Cables lead from the sensor's blnding screws £o a system of
frietion rings, which are mounted upon a stanchlon located at
the beam's midpoint (Fig. 47). At this polnt the beam's rotations
are overcome, so that a fixed cable can contlnue upwards, over to
the stanchion for gpzx-meters and down to the hut. (see Flg. L4i4).

The friction rings and the clamping shoe are made of hard-
chromed brass.

3.3.3. Pulse Generator

A pulse generator 1n the hut sends a 15 sec current to all
of the sensors. In Fig. 48 this pulse generator is a self-
starting synchronous motor, which, by means of a gear, rotates
the arm  once every 15 sec. The head h of the microswitch m is
pressed 1in after each revolution, releasing the battery's 27 V
to all of the sensors.

3.3.4. Recording’

Each sensor 1s connected to an electriec counting device,
as shown in Fig. 48. Counter No. 0 has no sensor, but instead
counts all of the impulses sent out by the pulse generator.
Counter No. 1 will tally whenever the wind speed is above 4.0 m/sec,
counter No. 2 tallies whenever the wilnd speed is 6.5 m/sec and
above, and so on. ’
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The counters are five dlgltal computers of 24 V, the resis-
tance is 500 ohms.

3.3.5.  Theory

We will use the followling desfgnatlions:

1 is the impulse time, in other words, that interwval, during
which the head h holds m in.

t is the impulse distance, in other words, the Interval from
the beginning of one impulse to the beginning of the next.

r is the counter's reaction time, in other words, the inter- /60
val when current shall flow to a counter, resulting in one tally.

¢ 1s the switch time, in other words, the interval when the
sensor switch is closed.

In Fig. 49 the time runs towards the right {(x). A contact
in the sensor such as cl will not register a tally, but ¢2 and
cld will register a tally, whereas ¢5 will not register a tally.
In other words, tallies are registered from x = ¥ to x =1 + ¢ - %,
that is, © .In the interval 1 + ¢ -2 -~ r =1+ ¢ - 2r. The
interval which reglsters a tally i + ¢ - 2r must be equal to c,
that is?i = 2r,

When 1 = 2r, two tallies cannot occur during one impulse.

We shall now consider how the accuracy demand 1 = 2r shall
be satisfied.

The apparatus should tally c¢/t, but 1t actually registers
(i + c~2r)/t. The error is (c¢/t) - [(L + C ~ 2r)/tll = (2r - 1)/%.
If we set 1 = alr, then the error of the apparatus becomes
(2r - 1)/t = (2r/t)(1 - a). r 1s approximately 0.035, t = 15 sec,
so the error is (2:0.035/1%5)(1 - &) = 0.005(1 - &). Since a in
our system lies between 0.7 and 1.4, the maximum error is 0.002.

3.4, Measurement of Maximum Stagnation'Pressure

3.4.1. Sensors

The sensor is shown in Fig. 50. The upper portion, with the
head h, the wind vane wv, and the cylinder ¢, is rotatable. The
wind vane makes sure that the head h i1s always in the wind. There
is a 25 mm boring in the head, where the total pressure is
measured, that is, the sum of the stagnation pressure and the static
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pressure. This pressure 1s conducted through~a 25 mm plpe through
the apparatus to outlet tl1.

The cylinder c has slits in the two generators, where the
pressure is exactly zero. Therefore, the static pressure is found
in the cylinder, and this pressure 1s conducted to ocutlet t2.

Rubber hoses ledd from tl and t2 over to the middle of the
mast, where there 1s a pipe connectlion down to the hut. These
pipes are 3/4 In. in the 25 mm masts, and 1 in. in the 50 mm mast.
[Remainder of paragraph missing from original document ]

3.4.2. The Recorder /61

The two plpes in the hut lead to the connecting plpes on a
water tank, as shown in Fig. 51.

The floakt fl is influenced from below by the wind's -
pressure plus the static pressure; the fleat is influenced from
above by the static pressure. The resulting force is therefore
the wind's stagnation pressure, so that the height of the float
is' an indicatien of the stagnation pressure.

The cylinder t is shown in PFlg. 52. It is a piece of smooth
brass piping, whose surface has been tarbonlzed. u 1s5 a self-
starting synchronous motor with a gear whose axle rotates once
per 24 hours. By means of a ratchet mechanism, the synchronous
motor causes the cylinder to rotate 3 mm forward every day, at
0400 jGMT.

A vertical line 1s therefore drawn upon the cylinder every
day, andthe top of this line indicates. that day'simaximum:stagnation
pressure. There 1s room on the eylinder for 50 day's regiitration;
when the cylinder is full 1t 1s fixed by immersion in cellulose
varnish.

The system 1s adjusted each time the cylinder is changed,,,
with the helppofii'a Fuess manometer.

The system is set up to register a maximum stagnation pressure
6f 156 kg/m?, which corresponds to a wind speed of 50 m/see.

When thestagnation pressure 131u3def!4kg/m2,lthe sensitivity of :
thesapparatus 1s very poor, but this 1s naturally meaningless in
that the point of the apparatus 1s to measure the large stagnation
pressures. Fig. 53 shows an adjustment curve.
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3.5, The Wind's Effect Distribution

The wind speed is in a state of. constant flux. There are
short pulsations corresponding to the turbulence, and variations
lasting anywhere from a fraction of a second up to several
seconds. Greater pulsations in the wind, with a duration of
several minutes, are called squalls, Pinally, there are the vari-
ations in the wind speed which correspond to the passage of low
pressure fronts; in this case the time inftervals are hours and
days. o

Over a longer time perilod, the wind speedds chronological
distrlbution can be illustrated as shown in the upper vortion of
Fig. 54, The abscissa is the wind speed v; the ordinate is the
accumulated frequency H. H is dimenslionless. The corresponding éﬁg
ordinate Hy, up to a certaln speed vi, indicates the time when
the wind speed has been greater than vy, in relation to the length
of the interval In question. The curve's ordinate for v = 0 is
therefore 1, and the curve intersects the abscissa axls at the
greatest wind speed which occurred in the interval under con-
sideration.

If this curve 1s differentiated once, and the signs are
changed, then the frequency distribution is derived from the wind
speeds, as shown at the bottom of Fig. 54. The abscissa 1s the
wind speed, and the ordinate is the frequency h of the wind speed
in question. The ordilnate's dimensions are reciprocal to a speed.
Only the wind speed vl has a frequency hi.

The relationshlp between the two curves in Flg. 54 is perhaps
most easily perceived by the recognition that the area outside
of vy in the lowest curve is equal to the ordinate of vy in the
upper curve. The area under the lowest curve is dimensionless;
the entire area under the curve is I.

The effect E of a wind with speed v, 1s the product of the
speed-pressure and the speed.

E(v) = 1/2 p vy

v is the wind speed in m/sec

p is the air's density &n (kg/m3) (s€c/m)

E assumes the dimensions (kg/m3)(sec2/m)(m?/sec?)(m/sec) =
= (kg/m2)(m/sec) kpm/sec = 9.81 W,

kg, here and in the following, refers to kilograms force.

One can, on the basis of the lower curve in Fig. 54, deter-

mine the wind's effect distribution by multiplying the ordinates
with the effects corresponding to the abscissa; the curve is
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shown in Fig. 55. The absc¢issa 1s the wind speed, The ordilnate
1s the corresponding energy.

o np-Lov2ey the dimensions 5S¢ KE M _ _ ke
e] = hj*zp vy vy with the dimensions — 2 560 p2

The area under the curve in Fig. 54 1s the wind's average
effect over the interval under conslderation, with theddimensions
(kg/m2) (m/sec).

3.542. Collaboration of the Measurements

The method used for collaboration of the readings from the
Ef-meter is most easily explalned by an exampie.

The following measurements weré made at the station 1n Tune, /63
in the interval between December 24, 1959 and February 11, 1960:

jcounter No. ~ Tallies  Helative Wind speed greater tha%ﬁ
0 283 5699 1,000 0 n/sec

1 ' 240 549 0.850 4.0 °

2 134 312 C.47 6.5 n

3 64 €55 0,228 9.0 "

4 25 617 - 0.002 11,5 "

5 7 658 0.027 14,0 ™

6 1368 0,005 : 16.5 "

Counter 0 has counted all of the impulses, coiunter 1 has
counted the impulses whenever the wind speéd was greater than
4.0 m/sec. As can be seen in the table, this was the case
85% of the entire time.

Using the relative values noted in the table as the ordinate,
and the wind speed as the abscissa, the curve shown in Fig. 56
is achieved, which indicates the accumulated frequency.

This curve 1s differentiated graphically, and by this means
the distribution in time of the wlnd speed is derived, Fig. 57.
The ordinate is sec/m, the abséissa 1s the wind speed in m/sec.’
The area under this curve is 1.
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From the distribution of wind speed in Fig. 57 the curve for
effect distribution can be calculated, as is shown in Fig. 58.
The ordinate is kg/m2, and the abscissa is the wind speed in
m/sec., For v = 7T m/sec, Fig. 57 gives an ordinate of O 12 sec/m,
the speed-pressure for this wind speed is a = 1/16.72
= 3.06 kg/m2, and the wind's effect qv = 3.06+7 = 21. 42 (kg/m2)(m/
/sec). Thé ordinate in the curve for the effect distribution
therefore becomes 0.12.21.42 = 2,57, and the dimensions become
(kg/m2) (m/sec) (sec/m) = kg/m?

The area under the curwve 1n Fig. 57 1s the average effect

over the interval in question, which is 33.2, and the
dimensions are (kg/m?)(m/sec).

3.5.3. BResults

The measuring stations were started at the end of 1957, and
thete follows, with some discontinuaticons, the results up until
the:end of December 1961l. The stations operated without dis-
contlnuation from the end of 1959 on.

The results of the measurements made in 1960 are given in the /64
table. | foldowlrig page]. The effect is the average value of the
perlod in question, in (kg/m2)(m/sec).

The distribution of the effect according to thewwind speeds
for the year 1960 is shown 1n Fig. 59. e off

The effects found in 1961 are shown in the table [p. 56].
The measurements were concluded on December 21 and 26, 1961; we
have indicated measurements from 1960 to fill in the rest of the
days of the year. .

The effect 1s the average value for the period in question,
in (kg/m?)(m/sec).

As was previously mentloned, the measurements have been made /6
throughout a 4 year period, with some discontinuations. The T
results are not completely evenly distributed throughout the year,
in that the winter months are covered by 3 or U4 years! measure-
ments, while the summer 1s only covered by 2 yeard'! measurement.

In Fig. 60, the averages of all of the measurements are shown.
The abscissa 1s the course of the year, and the ordinate is the
average effect in (kg/m?)(m/sec).

Taking all of the measurements into consideration, the pro-
bable yearly average effect equals:
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iuﬂe Tersminde Gedser 25 = 50 =
Date verage - Date Average : A ’
‘ ) _ Dat verage  Average
# efgegt,_  effect i ake effect effest
}; 1960 | 1960 i 1960 ‘
? /1 1/1 o8 1/1
}. 2/11 33 2 2 1/25 ) 1/12 1
r 21.4 | 2720 0% 51.6 59.4
! : /20 ) 2/18
2 e o L 49.7 60.0
| 3593 o 523, ’ A
A Y 39.6  10.5
_ 15.8 ; :
18.0 | '
- 9/39, 917 €97 9/17 32.2 40.1
! 21.1 28.
022 o 10/22 1 Lo/z2 28.8 36.7
I _" | 53- ‘ A2
- o 5. 56 =
! -12/31 12/31 12/3:1 56.1 62,2
| .
| 1980 25.2 1950 2.0 1960 41.8 50,8
Tune 29 ggagezsg = 285 W/m2
Torsminde 4g " = hgo
Gedser 25 | 42 I = 4io ™

The relation between the effect at 50 m and at 25 m in
Gedser 1s, on the average, 1.21.

/66

3.6. Maximum Stagnation Pressure

The measurements of the dally maximum stagnation pressure were
started at the end of 1957 at all four stations, and were made wlth

a few discontinuations.
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Tune : Torsminde Gedser 25 n
{ _ﬁveyage , Average’ ; A lﬂ
Date. effect 3 Date effec% Date e;;gg%e
1951 | 1951 1961
1/1 1/1 1/1
o005 A A ]
1/7 20 UVD 1/7‘ ‘TS-‘T 1/7 56:‘”
30.3 ‘ 45 .4 45.8
2/11 2/11 N 2/11 '
z3.1 0.4 26.7
3/11 3/9 3 3/8
54,0 .7 8,8
5/6 ? 5/1 53 5/6 58,
: 21.8 16,6 4,2
7/15 - 7/15 TEe® 7/16 4
: 21.2 2. 24,0
9/16 ‘ ) - 9/17 2.1 9/9 "
12/21 30.8 12/26 63.3 > 61.2
. -12/26
. 26.8 , 45 .4 56.1
r2/31 12/3L 12/31 :
1961 29.4 1961 49.0 | 1961 42.3

A temporary collaboratlon of the results up until the summer
of 1961 i1s published in Engenigren (23),(Dec. 1, 1961); but the
measurements must be continued for a few more years 1n order to
obtain a sufficient amount of data for the final statistical
collaboration, which will result in a determination of the maximum
values for a more closely determined number of years.

The greatest.values measured at the four statlons, up to the
summer of 1961, arex

Tune (25 m), 2/21/1959 Ama w52 KE/MEAiVmim=28. 5insec)

Gedser (25 m), 1/19/1958 Omax = 73 kg/m2 (Vmax = 34 m/sec)

Gedser (25 m), 1/19/1958 Omax = 81 kg/mg.(vmax 36 m/sec)

Torsminde (25m), 2/6/1961  qpax = 86 kg/m2 (vpax = 37 m/sec)

In addition, we can state that, at Gedser, the relationship
between the stagnatlonpressure af 50mand at 25 m 1is 1.13. ThHis
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relationship in effect was 1,20, which agrees with the results of
the direct measurements.

3.7. Expenses for Construction and Measurements
(as of March 31, 1962)

Steel masts kr. 42,614.00
Effect distribution _
meters, anemometers " 7 308.75
]
Y%mﬁapparatus, measuring
arrangements " 22,505.25
Housing for wing mea-
suring instruments o5 BUbLTT
Miscellaneous 17,930.00 kr. $96,201.861
Planning "o 3W,729.37
Total construction kr. 130,93L1254
costs
Salaries kr. 19,616.45
Total ~ kr. 150,547.68

Uk Farri e
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Enclosure 4.  Congiderations- Concerning the Competltive Power of /67

Director, P. Poulsen-Hansen, civil engineer

4.0.1. Construction Costs

l.1. Per kW machine power for wind power plant A kr.
1.2 Per kW-machine.power for steam power plant B kr.
We are assuming 6% per year, and a depreciation period of

25 years for both types of construction, corresponding to the
expected physical 1lifetime, yearly payment 7.82%.

4.0.2. Utilizatlon Time of Rated Cutput

2.1. Wind power: The yearly production in kWh per kW machine
power 1s called E, which is therefore the utilization time of the
rated output.

2.2. Steam power: Accordlng to our previous experlence
with the large Danish power works, the utilization time for the
year's maximum load is approximately 4000 hours (4000 kWh pro-
duced per kW maximum load). In the future, as the large coopera-
tive cables for 120 and 150 kV are developed, the power plant
groups will be able to be satisfled wlth a very modest reserve,
so that the total rated output needs to be only 25% greater than
the year's maxdmum load, which means that, in the case of stean
power, the utilization time for the rated output willl be H00O%I,
4000:1.25 hours = 3.200 hours.

4.0.3. Capital Costs per Produced Net kWh from Plant

3.1. Wind power:

dre/kWh = 7.82 x £ = 7.82w0 dre/Kiih

A x 0.0%82 x 100
E

in that o = A/E expresses a wind power plant's construction costs
in kr/kWh yearly productlon.

"B‘§2860782'x 100 gre/kWh = 10+3 X 2.44 x B gre/kWh net
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4.0.4. Operational Expenditures per Produced Net. kWh from Plant /68

b.1. Wind power:' a gre per kWh

4.2,  Steam power: b gre per kWh

a: There are no fuel expenditures 1n the case of wind power,
but rather expenditures for lubrication, mailntenance, and in-
spection., According to our experiences with the Gedser test
windmill, we can say that a will be less than 1 gre per kWh.

b: Operational expendltures are the total of expenditures
for fuel and for repairs and mailntenance. The fuel expenditure
is a product of the specific use q kcal/kWh net, and the fuel
priﬁe C kr/Gecal, so that the fuel expenditure equals

X q x C gre/kWh. According to "Danish Electrical Plant
Statistics" and from information procured from the larger elec-
trical plants, the other portion of the operational expendltures
1s derived -- for a utilization period of 4000 hours at maximum --
0.75 gre/kWh net, and we therefore get:

(10*“ xq x C+ 0.75) dre/kWh net.

4.0.5. Cost Price per kWh from Plant

5.1. Wind power: 7.82a + 1 dre/kWh

5.2. Steam power: 10'3 x 2.44 x B + 10'” X q x C + 1.
0.75 dre/kWh. “The following values can be calculated on the basis
of the present constructlon costs for steam power plant con-
struction, and on the basls of their fuel costs: '

B 800 kr/kW steam power plant
New steam power plants have a specific fuel use of
ap = 25000 kcal/kWh
and the large power works! yearly average (1959/60) was
dg = 3100 kcal/kWh
Setting In these values, the cost will be:
5.2.1. New plants: 2.7 + 0.25 C dre/kWh

5.2.2. Average existing plant: 2.7 + 0.31 C dre/kWh
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4.0.6. Probable sum of Capital and Operational Expenditures
- Together with the Cost of the Electricity's. Transmissilon

In this case, the wind power plants are assumed to be evenly
distributed throughout the land, and coupled to the existing
10 kV transmission net. The individual electrical distribution
consumers have a comparatively limlted gecgraphical extent, and
they must therefore anticipate complete c¢alm in the entire supply
area. [Remalnder of paragraph missing from original document]

If an electrical consumer, who normally buys output and energy /69
from a large power plant bullds a wind power plant for his own
use as a supplement to the steam power, we must, in a comparison
of the costs,consider the losses involved, but only those losses
which occur from the plant through the 10 kV-net, because the
wind-generated electrlcity must also be distributed and must also
undergo a loss in the 10 kV line network. The "primary" loss is
4%, according to previous experilence.

If, on the other hand, we assume that the wind power plant
is built on a larger scale 1n order to cover an increase in the
consumption of electricity, then we cannot simply assume that the
wind-generated electricity can be bought where it 1s produced.

In this case, we must consider that this electricity -- like the
steam-powered electricity from a cooperative power works group --
shall be transmitted over longer distances through thepprimary
high tension system. In this case, one can compare the costs of
the two types of productlon, steam and wind power respectively,
without consilderation of the loss factor.

4.,0.7. Reserve Power Problems

An important question in the evaluation of windZgenerated
electricity's value 1s the problem of reserve power. Can we count
upon the rated wind power ocutput to be a certain percent below
maximum, and, 1f we can count on it, how much?

In order to clarify to what extent we can count upon wind
energy, and thereby wind output, to be available during the
electrical plant's maximum load, we have worked out the listings
on the following pages, on the basis of information in "Danish
Electrical PowernStatistics 1959/60", Elsam and IFV-SEAS,
concerning the maximum load Interval for each of the major power
plantdscconsumer area in 1959/60,:and also concerning the maximum
load interval over a number of years for Elsam and IFV-SEAS,
together with information obtained from the Meterological
Institute concerning weather and wind conditions for the places
and time periocds in question.

The Gedser windmill is.désigned to begin rotation when the
wind strength 1s approximately 5 m/sec, which corresponds to a
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DIAGRAM 2. IFV-3EAS, 3JAELLAND . i

: 3:00 <1400, 21:00
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17:00 - 17130 Landbohsjskolen . 1.6 {5% 1 2.015% 1 2.4 |E .
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wind strength of 3 or Y4 Beaufort, and it will operate at maximum
efflciency when the wind speed is 15 m/sec, which corresponds to
7 Beaufort.

In Diagrams 1 and 2, we see the following:

The maximum wind strength for Elsam was 3 or less in 1957/58
and 1960/61, and this was also the case for the IFV-SEAS 1In
1957/58, 1958/59 and 1960/61.

Of the 10 major power plant!s consumer areas we found that
six had yearly maximums of 3 or less, in 1959/60.

[Next paragraph missing in original‘document ]

4.0.8. Wind Power Plants Used as a Supplement to the Steam Power

/12

Plants

If wind power plants are bullt on only a small scale, as a
supplement to the steam power plants, then no meney can - be saved
on the steam power plants in capital expenditures, repairs,
maintenance, and operating expenses. The wind-generated electri-
¢ity can therefore only be pald for with the savings on fuel use,
with the addition of the transmlssion loss factor.

The cost of wind energy (5.1) is here compared with the
steam power workis’fuel savings of qg = 3100 kcal/kWh net (see
5.2.2), with the addition of a 4% transmission loss factor.

4
10%7ag x C = 4 323 ¢ dre/kin
0.96

o eoorley oA
8:0: 7.82 %o+ I'=

which can also be expressed:

8.1: C = 24,20 x o + 3.10 kr/Geal.

4,0.9. Construction of Wind Power Plants Instead of Steam Power
Plants

If wind power plants are bullt on a large scale, instead of
steam power plants, 1n order to cover a growth in the demand for
electricity, then the most important stipulations will be that
the wind-generated electricity is avallable whenever it 1is needed,
every day of the year, and also, that the electricity can be used
when it 1s produced.

Provided that these stipulations could be satisfied, we could
then contlinue to a comparison of the cost for wind energy .

(see 5.1) with the cost for steam power from new plants (see 5.2.1):
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9.0: 7.82 x a + 1= 2.70 # 0.25 x C gre/kWh
which can also be expressed;

9.1: ¢ ='3l;28 X o +'6;8 kr/Geal

It 1s Immediately clear that the stipulaticns for 9.0 cannot
be satlsfled in practice. The size of the electricity demand
fluctuates greatly from hour to hour within each day, and we must
also conslder the seasonal variations, that is, greater demand
for electricity during the winter. than during the summer. It is
not necessary to illustrate further that the wind energy 1ls not
always avallable at the same time as the demand 1ls present, if
one simply remembers that it 1s qulite possible for a dead calm
to last several days.

However, wind power plants in Denmark will be built in con-
function with the exlsting steam power plants, which means that
the system as a whole can always deliver the &lectrical energy
which is needed by using either steam or wind, depending upon the
wind strength of each particular day.

During the maximum load period -- and especially during the
year's highest load -- the steam power plants will be completely
taxed, except for the output reserve whilch is necessary to com=
pensate in the case of boilér: or machinery trouble, and these
plants would therefore not be able to assist the windmllls, if
there happened to be still weather during the maximum load period ,
(see considerations in Enclosure 4.0.7. concerning reserve power
problems ). k

As a consequence, we must set up reserve power works in
conjunctlen with the wind powerwworks, so that these can take over
during those times of the day and year when the wind power does
not yleld a sufflciently high output to cover its share of the
Joint system's maximum output.

According to our caWdgilatiénsy ., these reserve power plants w
would only be neédded for short Iintervals, and they could therefore
be bullt as gas turbine generators capable of 500-1000 hours of
yearly operational time. According to our informaticn, these
generators could probably not be built for less than 600 kr/kW,
and the yearly expenditures for operation and maintenance would
be 6 kr/kW.

With a rate of interest of 6% per year and amortization otver
25%, a yearly expendlture per kW of reserve output will be:

0;0782 x 600 + 6 = 53 kr,
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Since 1t has been shown that there 1s consliderable risk that,
during the year's maximum load, there will be little or no wind
power available.-- see Enclesure 4.0.7 «~ it will be necessary to cony
e:onsider a reserve output corresporiding to 100% of the wind power's
share of the maxlimum load. According to Enclosure 4,0,2., the
utilization time for the maximum load is Y4000 hours, and the
expendltures per kWh of reserve power then become:

53/4000 = 1.3 dre/kiWh.

If we increase the wind power's cost (5.1) at this rate, we
can then compare this corrected cost with the cost for steam-
generated electricity from new plants (5.2.1), becauseuthere will
now be compensation for electriclty energy as well as electrical
output on both sides of theccomparison.

9.2: T7.82¢ + 1 + 1.3 = 2.7 + 0.25 C,
which can also be expressed:

9.3: C = 31.28a ¢+ 1.6 kr/Gecal.
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Fig. 1. BSEAS! test windmill
in western Egesborg. Swept
area 45 m?, diameter 7.6 m -
13 kW - 38.um/sec.wing-tip
speed.
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Fig. 2. BSEAS!' test windmill
at Boge. Swept area 132 m2,
diameter 13 m ~ 45 kW -~ 38 m/sec

' wing-tip speed.
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that 1s, the energy which the
Ideal windmill can utilize.
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Gedser windmill's sail construction.

8.

Fig.

Construction of machinery cabin.
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Mechanical and electrical function diagram.

10.

Fig.
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Key: a. Section through measuring cylinder
b. Propeller axis
¢. Tower 1s dimensioned for the following
loads transferred to the measurlng section:
d. From net weight:
e. From centrally effectlve wind pressure:
f. Extraccontribution from eccentrically
effectivewiwdrid pressure:
From turning momént:
Measuring section
Mortar layer
Level
Without meaning for the measurement
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Load instants

Power placed in position
Loads size

Measuring combination
Overturning moment
Horlzontal power
Torsional moment
Standard deviation

0Of no meaning

Standard deviation for
The above
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Fig. 26.
Effect
Size of effect
Strain gauge combination

red shze
?i?iﬁence of all of the power effects
Zyahd ! Inarienpower directions.
Of no meaning
The above
No measurable values
Standard deviation ?otalM -

eviation from 5

igagggido% these values 1s determined as ?he ?ean vg%ggns
of two measurements {(the horlzontal energies ndpos ¢
I and X). The middle values are of the same order g
magnitude. 2) Deviation between mea§ured values ansured
their average values. 3) On the basis of t?esg ?ea u
deviations the standard deviatiog is detemﬁgglespin %ﬁe
when Pyaalone influences the cylinder agds €5 1n th
interval Ouewat< 360, The standard deviation is
LKey continted on following page]



Key to Fig. 26, continued

1. determined as the largest measured deviation = 0.7y in other
words 40-0.7 —~ 30 (see REM Rosmus: "Elementary measurement
theory", p. 45). U4) This value is arrived at by comparing
combination 3)(horizontal energy) with combination 2 (tor-
sional moment-horizontal energy), see diagram 2. The devia-
tion between these two combinations shall be covered by the
standard deviation of the two pure effects, horizontal power
and the torsional moment together. 5) M, and My are combined
vectors (103700 kg). The standard deviatlon for each in-
dividual strain gauge combinatfon (moment vector effective 1n
two different directions) is found in diagram 2 (M = 4100 kg)
and multiplied with [1lleglible]. 6} Determined as the
standard deviation for 16 observations, see diagram 2.

7) Mv must be expected to be a signal whigh swings rapidly
around a null line. The contribution of Px3 to the un- I
certainty of M is dependent upon the direction of Prijiegible] s
and therefore gependent upon the wiridmill's yaw speed, which

can be assumed to be very slow 1n relation to the fluctuatilion

of My3. The same is true for the contribution of M,. (This
value of M, 1s almost constant. These two contribufions can
therefore be differentiated in that the uncertainty of My

alone concerns the variation of . 8) Determinedaas the
standard deviation for 32 observatlions, see diagram 2.

9) A similar argument to that presented under point 7 is

valid concerning the fluctuatlon: of . Nevertheless, M

must be measured together with Py, two’variations in the size

of Py exert a strong influence upon My . My times the absolute
value entails the above-mentioned uncertainty, except for

when the power attack direction for P, is I or X, in which

case the uncertainty is around 20%.
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27.

Strain gauge combination

Indicator reading

-

Standard deviations from other power effe cts
X and I are power direction

Without meaning
The above

From M 25 tm

1) see point 5, diagram 3., My and M
bilned are approximately equal to 14y

nonmeasurable values

vectorially com-
%OD kg.

2) see point 7, diagram 3, in that My here 1s only de-
pendent upon variation of My,
(points 1 throughi.9) in diagram 3.

Power effects corresponding to Py

From net welght

See the other notes

Of no meaning for the measurement
[Key continued on following page]

7500 kg



Key to Fig. 27, continued

6.

From centrally. effective wind pressure

In otherwwords, +103000 kgm, when the moment vector can rotate

360° in relationttoitthe measuring cylinder
Extra contribution from eccentrically effective wind pressure
HFrom torquée moment

LR,
‘ Ap f dgm
" Sammenheng rmellern a
[ ;:} og mdtte varrer of £,
s b
,Mfeyﬂel
5 5000 ,
S
/‘ f'/
e
i
| T
‘ moo0).
|
[3 s000 |
|
':} .
e 200 X0 w0 80 60 £

mai? Argreesie

Fig. 28

Key: a. Connection between %%} and the

als
measured values of &
b. Calculated
¢. Measured values
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’ | . mdiekombinationet

C
Cylinder set frg oven

"13A

Stram pape =8

/
Fig. 29. e T
Key: a. Level ¢. Cylinder seen from above
b. Preopeller axis d. Measuring combinations
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\
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Fig. 30.

Key: akeMeasuritig cylinder

87



e

n_JS_(ﬁrdendn1monenf)?f'?*

_Gmbmnnd

.ll ]M“" fge \n-ﬂ-

Fig. 31.

Key: a. Combination 15 (torsional moment)
b. Load: overturning moment M, = 14.5 tm
. ¢. 15 on 5/15/59, wind E, 4 th/sec
ey d. 15 on 10/29/59, wind NW, 5 7 m/sec
e. 15 on 11/9/60, wind W, 5-7 m/sec
f. 15 on 9/15/62, wind WSW, 7-8 m/sec
g. Positions, see Fig. 1
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Flg. 32.
Key: Combination 13a (horizontal force)
Loading: overtumningmmoment My, = 14,6 tm
13A on 5/13/39, wind E, 2-4 m/sec
13A on 10/29/59, wind NW, 5-7 m/sec
13A on 11/9/60, wind W, 6-7 m/sec
13A on 1/15/62, wind WSW, 7-8 m/sec
Positions, see Fig, 1
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Fig- 33.

Keyuya. Combination 13B (horilzontal force)
b. Load: overturfing moment M, = 14.6 tm
c. 13B on 5/15/59, wind [illegible], 2-4 m/sec
d. 13B on 10/29/59, wind NW, 5-7 m/sec
e. 13B on 11/9/60, wind W, 5-7 m/sec
f. 13B on 1/15/62, wind WSW, 7=8 m/sec
g. Positions, see Fig. 1
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. W-Tmack
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34,

Fig.
a. 10/22/59

11/9/60

1/13/62
d. 11/2/60

1/15/62
f. 10/27/59

b.
C.
e.
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v

Maltiniar
ca

4, 6.5 mm

Nullinier

Key:

Film 8-10
I = |
* T A, Eaa e A N .

K o Cem

b s 7 e o R e e A

H

P
Tid i
——
Pig. 35.
Flg. 35.

a. Zerao lines

b. Time

¢. Reference line
d. Sail position
e. Time marking

Miw ar.

Sigaal 13 8 .
tem w3415 &

Sigaal 13} a -
Ina  «t0.10 ©

Signal 13 4 .
iem «7i.10

Scene or.

%] Refervncelipis

Vingepowition

Signal 13 B8 -6
lan =77.10
Signal 15 -
1 = =55.10
Sigoal 13 &4 .
1 s a77.10
Sesne ur.
Tidalnrkerinie

Referencelinie(
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Key

Calculated

b.
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Largest measured horizontal wind energy Px, in measure—

ment intervals of approximately 5 .sec duration with the
windmill in operation. Measurements dated 10/27/59,
time 15:30-17:30

Corresponding measurements on 11/2/60, time 16:00-17:30
Corresponding measurements on 1/13/62, time 14:00-15:10
Wind speed

fillegible]

Greatest measurement torsional moment M 11lleg ble s 1n

measurement Intervals of approxlmately sec ura ion,

with the windmill In operation.
10/27/59, time 15:30-17:30

Corresponding measurements on 11/2/60, time 15:00-17:30
Corresponding measurements on 1/13/62, time 14:;00-15:40

Measureménts on
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DANMARK

Richters Konturkort

acen

=

Fig. 38. Map of Denmark.

25 m high measuring stations
for the wind are located in
Tune and Torsminde. The test
wiridmill is in Gedser, together
with 25 m and 50 m high
measuring stations for the
wind.

Key: a. Denmark, {Richter
garrhoangowecontour map

25m mast

a1
S0m mast

Fig. 39, The construc-
tions at Gedser

Key: a. Test mill
b, Cliff, 5 m
c¢. Lane
d. Baltic Sesa
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Fig. 40. Land and water areas
around Gedser. The islands
Lolland and Falster are low,
open areas.

Key: a. Baltic Sea
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Fig. 41. Land and water areas
around Torsminde. All of

the land shown on the map is
flat, under 40 m high.

Key: a. North Sea



Fig. 42. Land and water areas
around Tune.

Key: &a. Copenhagen
b. Above sea level

A b A | ey
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Fig. 43. Wind measuring

station at Tune.
is 25 m high.

The tower

‘f
4
l R - ~'f"§_-;,.z-;._.‘._.,_,___.‘__- e
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Fig. 44. Top of the tower.
The sensors for the measure-
ment of maximum stagnation
pressure are to the right.

The six sensors for power
distributlon are located on
the horizental beam, which

is automatically rotated

into the wind by an electrical
motor with gears.

98

Fig. 45. Sensor for Ef-meter.
8 1s the main spring. ¢ is
the contact point. pl is a
plate, which can rotate about

P-.
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Fig. 46. Switch in Ef-meter.
ts is the fricticn spring.

¢ is the platinum contacts.
¢s is the contact spring.

H is the top of the

movable plate.
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Filg. 47. Friectlon contacts for
the Ef-meter.
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I T

B e

Fig. 48. Impulse generator and recorder of the Ef-meter.
The head h is rotated by a synchronous motor sm and

emits an impulse every 15 sec. The impulses are counted
by the counters 0...6.

B

-

B

1
i

-

Fig. 49, i is the impulse time. t is the
impulse distance. r 1s the counter's reaction
time. ¢ is the contact time. c¢l...c5 are the
same contact times in five different instances.
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Flg. 50. Sensor for the qppx-
meter. The wind's total

pressure is recéidved in the
opening at h. The static
pressure is peceived in the
slits at cy. wv is the

wind vane. The pressures are
led down to the hut ¥via t1
and t2.
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]
of
i
i

B

Pty

Fig. 51. Recorder for

Omax Measurements. The bedl-
shaped fleat {1 is lifted

by the wind's total pressure

Pst t g agalnst the static
pressure pgt, S0 that the
virtual movement of the
indicating rod s is a measure-
ment of the stagnatien.. -,
pressure.
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Fig. 52. Recomrder for the qupay measurements. The float

in Pig. 14 is steered by the rod s. sp is a writing

point, which registers the =staghation pressure on theceylinder
t. The cylinder 1s rotated forward every nightuslightly

by the cdock u. Otherwise 1t remains still.
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Fig. 53. Adjustment curve for gmax meter. The abscissa is
the wind's stagnation pressurey.ithe ordinate is the wvertical
motion of thetmriting peint. ™™ ~° ' .
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Fig. 54. The wind's accumulated frequency 1s shown above,
directly asgs indicated by the Ef-meter. The wind frequency
ddstribution is shown below.

FPig. 55,

Wind's power distribution.
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Fig. 56. The accumulated frequency of the wind at Tune in
the period between December 24, 1959 and February 11, 1960.
The abstlssa is the wind speed in m/sec; the ordinate is
dimensionless.
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Fig. b7. Frequency distribution of the wind at Tune in the
period from December 24, 1959 to February 11, 1960. The

absclssa 1s the wind speed in m/sec; the ordinate has the
dimensions sec/m.
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Fig. 58. Force distribution at Tune 1n the period between
December 24, 1959 and Hebruary 11, 1960. The abscissa is

the wind speed in m/sec; the ordinate is the wind's energy
per unit ,of volume in kg/me.

I

Fig. 59. Force distribution fior the caléndar year 1960
at the four stations. The absclssa 1s the wind's speed

in m/sec; the grdinate 1s the wind's energy per unlt of
volume in kg/m2.
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Fig. 60. Forces distribution over the year. The
abscissa 1s the course of the year; the ordinate is
the average power 1n (kg/m2){m/sec).

Key: a. May
b. June
c. Oct.
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